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Combustion  of  powdered  metals  in  active 
media.  Pokhil,  P.  F.  ,  Belyayev,  A.  F.  , 

Frolov,  Yu.  V.,  Logachev,  V.  S.,  Korotkov, 

A.  I.,  "Nauka"  ["Science"],  1972,  29^  pages. 

•This  book  deals  with  the  subject  of 
important  contemporary  problems  in  igniting 
and  ourning  such  metals  as  aluminum,  beryl¬ 
lium,  magnesium,  boron,  lithium  and  others 
which  are  widely  used  in  the  new  technology. 
They  make  it  possible,  for  example,  to 
considerably  Improve  the  physical  and  chem¬ 
ical  characteristics  of  rocket  propellants. 
Extensive  experimental  and  theoretical 
material  obtained  by  Soviet  and  foreign 
authors  during  the  last  10-15  years  is 
presented  and  generalized.  Contemporary 
research  methods  and  the  basic  rules  of 
metal  ignition  and  burning  are  also  discussed. 
We  also  deal  with  the  effect  of  metal  addi¬ 
tives  on  physical  and  energy  parameters  of 
powders  and  explosives. 

The  book  is  intended  for  scientific 
technicians  and  engineers  working  in  the 
field  of  combustion  and  also  for  the  use 
of  students  specializing  in  this  field 

Tables  51.  Illustrations  1^8. 

References  356. 
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PREFACE 


The  use  of  powdered  metals  in  active  and  corrosive  media, 
which  are  encountered  in  the  new  technology,  has  stimulated  the 
investigation  of  the  characteristic  peculiarities  and  regularities 
found  in  the  ignition  and  self-ignition  of  metal  particles  under 
conditions  of  industrial  production,  exploitation,  and  storage. 

Along  with  this,  in  the  last  two  decades,  in  connection  with 
the  tremendous  development  of  rocket  technology  and  astronautics, 
there  has  appeared  a  no  less  interesting  and  Important  trend 
toward  using  light  metals  -  additives  of  high-energy  metals  in 
developing  highly  effective  rocket  propellants  with  a  higher  spe¬ 
cific  Impulse  and  Improved  physical  and  chemical  characteristics. 

The  use  of  light  metals  and  their  compounds  for  fuels  in 
liquid  rocket  engines  was  first  discussed  by  the  Soviet  scientists 
Yu.  V,  Kondratyuk  and  F.  A.  Tsander. 

At  the  present  time  such  metals  as  aluminum,  boron,  and 
magnesium  are  some  of  the  basic  components  of  solid  rocket 
propellants  and  pyrotechnical  compositions. 

However,  the  use  of  metal-containing  propellants  has 
complicated  the  process  of  burning  in  combustion  chambers  and 
has  lead  to  the  appearance  of  a  unique  and,  at  the  same  time, 
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widespread  type  of  burning  -  heterogeneous  burning  of  condensed 
particles  in  an  active  high-temperature  flow. 

In  connection  with  this,,  the  problem  has  been  posed 
concerning  a  detailed  comprehensive  study  of  the  Ignition  and 
burning  mechanism  of  powdered  metals  in  high- temperature  oxidized 
media  and  the  combustion  products  of  heterogeneous  condensed 
systems  and  powders.  This  has  stimulated  scientific  research 
covering  a  wide  range  of  problems  touching  upon  the  basic 
regularities  in  the  ignition  and  burning  processes  and  the  use  j 

of  metals  (aluminum,  magnesium,  boron,  etc.)  and  metallized  ! 

propellants.  However,  in  spite  of  the  increasing  interest  in  I 

this  problem,  which  has  become  considerably  complex  at  the  present 
time,  the  concepts  cannot  be  considered  completely  established, 

This  book  is  a  first  attempt  to  unite  and  systematise 
the  results  of  many  years  of  work  by  the  authors  in  this  direction 
and  also  the  results  of  studies  of  Soviet  and  foreign  scientists. 

These  include  the  works  of  V.  A.  Fedoseyev,  L.  A,  Klyachko, 

M.  A.  Gurevich,  Ye.  S.  Ozerov,  R.  Friedman,  A.  Macek,  T.  Brzustowski,  ; 

I.  Glassman,  and  D.  Kuehl.  j 

i 

) 

Chapters  I  and  II  deal  with  the  basic  properties  of  metals 
which  are  most  widely  used  or  promising  from  the  point  of  view 
of  use  in  rocketry  and  the  contemporary  methods  of  studying 
processes  of  metal  ignition  and  burning.  Also  examined  are 
methods  of  recording  burning  time  and  the  nature  of  the  induction  i 

of  Individual  particles,  methods  of  sampling  and  analyzing  the' 
combustion  products  of  metals,  and  methods  of  processing  the 
results . 

Chapter  III  deals  with  a  study  of  the  basic  rules  of  ignition 
for  metal  particles  in  an  active,  oxidized  medium.  The  close 
relationship  between  the  nature  of  induction  and  the  parameters  j 

of  the  ambient  medium,  as  well  as  the  properties  of  the  metal,  | 

is  shown. 

i 
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Chapter  IV  presents  extensive  data  ©n  bh#  burning  of  high* 
energy  metaia  in  active  gaa  media  and  the  Qombuabion  product® 
of  solid  propellants,  Ba*ed  on  an  analysis  of  experimental  and 
theoretical  material,  the  physical  pioture  of  metal  partial# 
aombuBtion  la  given. 


Chapter  V  examinee  the  phenomenon  of  enlargement  (agglomera¬ 
tion)  of  particle*  of  finely  dispersed  powdered  metals  on  the 
burning  surface  of  powders  and  heterogeneous  oondenaed  systems. 

The  basic  regularities  of  this  phenomenon  are  traded  and  a  1 

possible  moahaniam  of  agglomeration  is  proposed. 

v  t 

i 

The  effect  of  additives  of  powdered  metal®  on  basio  ph^ioul 
and  energy  parameters  of  the  burning  of  powders  and  mixed  systems 
is  disoussed  in  Chapters  VI  and  VII.  Th**  effect  of  the  dlaperaity, 
concentration,  and  properties  of  the  metallic  ingredient  on 
combustion  rate,  its  dependence  on  pressure,  specific  impulse,  and 
the  completeness  of  the  combustion  of  mixed  systems  on  a  base  of 
organlo  fuel  and  oxidizer  is  studied.  Also  examined  are  the 
peculiarities  of  metal  behavior  in  the  Initial  combustion  stage 
of  ballistic  and  mixed  powders. 


Chapter  VIII  briefly  discusses  the  effect  of  additives  of 
powdered  metal  on  the  basic  detonation  parameters  of  an  explosive, 

\ 

The  authors  hope  that  this  book  will  be  a  useful  aid  to 
engineers,  technicians,  and  students  specializing  in  the  physics 
of  combustion  and  explosion.,  . 

i 
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CHAPTER  I 


PROPERTIES  OF  METALS 

t  I,  General  Gharaoteriaticn  of  Metals 

In  evaluating  substanoea  whoa#  ua©  aa  propellant©  Is  moat 
probable,  the  moat  Important  characteristics  are  th*  quantity 
of  heat  released  as  a  result  of  ohemloal  reaction,  the  temperature 
of  the  faume,  and  also  th©  nature  of  the  combuBtion  products 
since  the  specific  impulo©  of  the  engine  depend©  on  the  momentum 
of  the  flow  of  exhaust  gas ,  The  heat  released  during  the 
combustion  of  the  propellant  is  the  measure  of  the  greatest 
energy  which  can  be  imparted  to  the  working  medium.  The  achievement 
of  high  temperatures  and  high  momentum  depends  on  the  quantity  of 
heat  released  in  an  exothermal  reaction,  as  well  as  the  thermal 
stability  of  the  combustion  products. 

Figure  1  [1]  presents  the  dependence  of  the  specific  impulo© 
on  the  heat  oontent  of  th©  burning  gases  |  specific  heat  capacity 
is  taken  as  th©  parameter.  The  curves  are  plotted  for  a  pressure 
in  the  chamber  of  22  atmj  the  pressure  on  a  section  of  the  Laval 
noaalQ  is  equal  to  atmospheric  pressure,  The  molecular  weight 
of  the  combustion  produots  must  be  as  little  as  possible.  The 
necessity  for  a  low  molecular  weight  is  brought  ab*>ut  by  the  faot 
that  although  the  speoifio  impulse  depends  only  on  the  velocity  of 
the  molecules ,  temperature  however  is  proportional  to  the  mass  of 
the  molecules  multiplied  by  the  square  of  velocity.  Therefore, 
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for  %  given  specific  pulse,  if  the  molecular  weight  la  doubled 
the  gee  temperature  doubles. 
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Thus,  the  beat  propellant  for  a  rocket  i»  the  one  during 
whose  combustion  gases  are  formed  with  low  speoino  neat  capacity, 
high  heat  of  formation,  and  low  molecular  weight.  These  circum¬ 
stances  iiinit  the  selection  of  propellants  only  to  those  whioh 
contain  atoms  with  low  atomic  weight.  Thus,  aa  oxidisers,  it 
la  beat  to  select  fluorine  and  oxygen,  and  aa  fuel©  -  hydrogen, 
lithium,  beryllium,  boron,  carbon,  sodium,  magnesium,  aluminum, 
and  allloon. 

In  order  that  eprolfio  heat  oapaoity  be  sufficiently  low, 
diatomlo  oombuation  products  should  be  preferred  over  polyatomio 
gases .  Therefore,  HP,  HOI,  tiP,  N«P,  Be,  MgO,  CO,  OH  and  NO 
will  be  more  effective  during  iaentropic  expansion  than  more 
oomplex  molecules.  HP,  DIP,  HgO*  BgO^,  BFg,  AlP^,  AigPgjt  .have  the 
highest  heat  of  formation. 

The  use  of  some  metals  as  fuel  i©  generally  connected 
with  their  high  combustion  heat  values.  The  following  15  element®, 
give  the  greatest  amount  of  heat  during  combustion  from  both  air 
oxygen  and  oxidlaer  oxygen?  metals  -  lithium,  beryllium, 
magnesium,  oalcium,  aluminum,  titanium,  ssirodnium,  yttrium, 
vahadium,  so andi urn j  nonmetals  -  hydrogen,  boron,  oarbon,  sllioon, 
phosphorus.  As  is  apparent  from  Table  1,  the  metals  in  groups  II, 
III,  and  IV  have  the  highest  heat  of  oombustion  [2,  33* 
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Table  1.  BabiinattKi  value®  Tor  heat  of  oombus- 
tsien, 


11^ 

Rlamsntsa 

II,  N,  fi,  W*  lift,  Ah  81,  P,  Mg,  Ct,  V 

Na,  Mn,  ttr,  Fo,  Hit,  Ot>,  A»,  8,  M«» 

a,«-i,c 

t,0«M 

K,  Hit,  &*,  I'M,  In,  $»,  Sl»,  'iv,  IU 

<**,4 

<'h,  An,  An,  lift  'll.  I*h,  HI,  P« 

To  evaluate  the  possibility  of  using;  metals  as  the  fuel  in 
a  propellant*  we  can  use  the  following  quantities i  Q^,  the  heat 
released  during  combustion  of  one  gram  of  the  element j  Q2,  the 
amount  of  heat  released  during  the  formation  of  one  gram  of  oxide j 
and  Q^»  the  amount  of  heat  obtained  from  dividing  the  grnm- 
inoleoular  heat  of  formation  of  oxide  AH  by  the  number  of  atoms 
in  the  oxide  molecule,  is  calculated  by  dividing  the  gram- 
moleoular  heat  of  formation  of  oxide  all  by  quantity  nA; 


d« 


(X.l) 


where  A  is  the  atomic  weight}  n  is  the  number  of  atoms  of  the 
element  in  the  oxide  molecule. 


The  quantity  of  heat  can  serve  as  the  measure  of  oalorioity 
of  the  fuel  (metal)  under  the  condition  that  its  oombustion  is 
due  to  the  oxygen  of  air  (Fig,  2),  The  quantity  of  heat  Q2  oan 
be*  to  some  extent,  the  effectiveness  standard  of  the  oombustion 
of  the  metal  iri  the  propellant  composition  due  to  the  oxygen  of 
the  oxidizer  (Fig.  3)*  The  quantity  of  heat  enables  us  to 
Judge*  to  a  certain  extent,  the  burning  temperature  of  the  element 
sinoe,  in  the  first  approximation,  the  burning  temperature  is 
proportional  to  the  quantity  of  heat  which  oocurs  in  1  g-atom, 
i.e.*  is  proportional  to  Q^.  Metals  suoh  as  zirconium,  beryllium, 
aluminum,  magnesium,  and  caloium  give  the  highest  temperature 
during  burning  in  oxygen  (p  ■  1  atm),  as  is  apparent  from  Fig.  4, 
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^■15*  3»  Heat  released! 
during  the  combustion  of 
one  gram  of  an  element  with 
atomio  number  N, 


Designation t  Hese/r  •  kcai/g. 


Fig.  3.  Quantity  of  heat 
re leased  during  the  forma* 
tion  of  one  gram  of  oxide 
of  an  element  with  atomic 
number  N. 
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On  tho  bnaia  of  the  above  data,  w «  oan  conclude  that  the 
beat  elements  for  me  m  fuels  are  hydrogen,  lithium,  beryllium, 
and  boron.  After  these  elements  are  magnesium,  aluminum,  sllloon, 
and  oalolum.  All  these  elements  form  a  rather  compact  group  in 
a  relatively  narrow  region  of  the  periodic  system  of  elements. 

At  the  present  time,  only  aluminum  and  magnesium  are  widely  used. 


Along  with  the  calorioity  of  the  metal,1  related  to  unit 
weight,  the  quantity  of  heat  released  in  the  burning  of  a  unit 
volume  of  fuel  (metal)  (kcal/om^)  is,  in  many  oases,  of 
considerable  importance.  Hence  in  rocket  engines  not  only  the 
quantity  of  heat  per  unit  weight  of  propellant  but  also  the 
volume  occupied  Ky  the  propellant  is  Important.  As  shown  by 
Leonard  [1],  the  final  velocity  of  the  rocket  oan  be  increased 
by  using  propellant  with  variable  density  and  heat  of  combustion. 

At  the  beginning  of  burning,  mixtures  of  propellents  with  high 
density  should  be  used,  and  at  the  end,  combinations  of  propellants 
with  high  heating  capacity.  From  Fig.  5  it  is  apparent  that  with 
respect  to  per- volume  calorioity,  boron  is  at  the  top  of  the  list, 
while  such  metals  as  zinc,  molybdenum,  thorium,  and  tungsten  have 
per-volume  calorioity  comparable  to  aluminum  and  considerably 
higher  than  magnesium. 


t 

Table  2  presents  the  physical  and  chemical  properties  of  j 

metals  and  their  oxides,  which  are  presently  used  as  fuel  in  '  ! 

solid  propellants.  Table  3,  for  comparison,  contains  similar  ^ 

data  for  several  fluorides  [1],  .  . 

•  ,  _  ■  .i 

Compounds  of  elements  presented  in  Tables  2  and  3  are  ■  j 

distributed  in  the  order  of  increasing  atomic  weight.  As  is  seen  ■ 

i 

i 


;Henceioruh  metals  will  arbitrarily  include  boron,  silicon, 
and  other  metalloids  which  can  bb  included  in  the  composition  of 
a  propellant. 
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Table  2.  Physical  and  chemical  properties  of  metals  and  their 
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from  the  tables  j  .'the  .values  f or  the.  heat  of  comppund  formation 
usually  decrease  with  .arj .increase  in-  atomlh-.welght  . 
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' '  and  chejwicai  properties  of 

several  inorganic  fluorides. 


Chemioal 1 
.formula. 

'  W.fcouiai'ly^  ‘c 

weight  jfMelfc- 
1  point"! 

nut  ■ 

[Bolling 
point] 
gt  1  a  tit: 

■Vefet  of 
fun  inn, 
cal/g  . 

ilea  t  of 
evapor¬ 
ation, 
oal/g 

Beat  of 
formation, 

10-5*  oal/mole 

iif 

20 

-02 

19 

‘ 

71,7 

AtFj 

M  '  '  1 

84 

Subl.  - 
1255 

— 

Subl , 
»2D  ■ 

—  ■ 

323,0 

rjuF, 

47 

780  . 

diioo) 

(130) 

(850) 

(227) 

l!F* 

OK 

-127 

-101 

7,0 

08,0 

273,5 

UP 

20 

870 

1076 

0.1 

1960 

146,3 

Mur. 

02 

1240 

2240 

224 

1050 

263,5 

GIF; 

150 

1005 

1733 

;;r, 

340 

167,0 

Zll  K; 

103 

855 

1475 

03 

427 

170,0 

ZfF; 

167 

1510 

(•'•3(*0> 

87 

— 

230,0 

TiFj 

105 

(12IHI) 

(1400) 

(114) 

(470) 

3(5,0 

In  comparing  the  effective  heat  of  compound  formation, 
we  see  that  for  certain  elements  at  the  beginning  of  the  tables 
the  corresponding  values  for  oxides  are  approximately  equal  to 
the  values  for  fluoride  compounds.  In  contrast  to  this,  for 
elements  with  high  atomic  weight,  fluorine  is  preferable  over 
oxygen  as  an  oxidizer. 


If,  however,  we  set  up  similar  tables  for  sulfides,  selenides, 
tellurides,  chlorides,  bromides,  and  iodides,  it  will  be  apparent 
that  for  them  the  heat  of  formation  is  considerably  lower  than 
for  a  corresponding  fluoride  compound.  In  a  compound  with  heavier 
elements  this  ratio  is  approximately  half.  All  other  oxidizers 
give  values  less  than  chlorine.  Although  the  density  of  heavier 
oxidizers  and  their  compounds  Is  somewhat  greater  than  the 
density  of  oxygen  and  fluorine,  this  does  not  compensate  for  the 
difference  of  values  in  the  heat  of  compound  formation.  Hence 
it  follows  that  for  propellants  .‘containing  elements  with  low 
atomic  weight  the  oxidizer  must  be  rich  in  oxygen  and  fluorine. 

For  elements  with  high  atomic  weight  we  can  use  only  those 
oxidizers  which  are  rich  in  fluorine. 
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As  we  know  from  literature  [  1-,  4,  5],  oxygen  is.  far  from 
the  best  oxidizer;  the  best  oxidizers  are  fluorine  monoxide, 
fluorine,  nitrogen  tri fluoride,  ozone  and  oxygen. 

The  best  fuels,  as  noted  above,  are  hydrogen,  lithium, 
beryllium,  and  boron.  After  them,  are  aluminum,  magnesium, 
and  calcium. 

Boron  hydrides,  liquid  lithium,  and  hydrazine  can  obviously 
be  considered  the  most  effective  liquid  fuel.  Combinations  of 
propellants  characterized  by  significantly  greater  density  and 
giving  the  greatest  exhaust  velocity  are  fluorine  monoxide  in 
a  mixture  with  beryllium  and  hydrazine  or  with  boron  hydrides. 


The  high  values  of  propellant  performance,  which,  In 
principle,  can  be  obtained  using  metals  as  fuels,  also  have 
negative  consequences.  The  high  heat  of  formation  for  combustion 
products  of  metals  during  an  exothermal  reaction  indicates  that 
these  products  must  exist  m  condensed  phase  in  the  form  of 
extremely  stable  compounds. 

As  established  by  Gerstein  and  Coffin  [6  J ,  the  evaporation 
of  solid  propellants  and,  particularly,  metals  before  the  burning 
process  can  be  disregarded  in  many  cases.  For  this  reason,  the 
first  stages  of  the  reactions  leading  to  ignition  wil1  depend  on 
the  mechanism  and  weight  of  surface  reaction.  The  vapor  pressure 
of  various  metals  and  their  oxides  is  presented  in  Fig.  6. 

Many  works  on  the  oxidation  of  metals  have  been  performed 
at  low  temperatures.  Gulbransen  and  colleagues  [7]  studied  the 
growth  of  oxide  films  of  aluminum,  beryllium,  tungsten,  magnesium, 
titanium,  zirconium,  and  iron  at  low  pressures  and  temperatures 
below  ignition  temperature.  Teresh  [8]  studied  the  oxidation  of 
aluminum,  magnesium,  beryllium,  and  nickel  in  an  atmosphere  of 
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Fig.'  5*  Quantity  of  heat 
released  during  the  burning  ' 
of  a  unit  volume  of' an  element 
with  atomic  number  N. 

Designation:  HHan/cM3  a  kcal/cm^. 


Fig.  6.  Vapor  pressure 
of  various  metals  and 
their  oxides  as  a  function 
of  1/T. 

Designation:  stm  =  atm. 


air  and  oxygen  near  ignition  temperature  at  atmospheric  pressure. 
On  the  basis  of  these  works,  we  can  generalize  conclusions 
relative  to  the  effect  of  temperature  on  the  oxidation  of  metals. 
The  dependence  of  the  oxide  formation  rate  constant  on  temperature 
is  exponential  and  conforms,  within  the  range  of  experimental 
error,  to  either  the  Arrhenius  equation: 

K  W  (Jt2) 

or  the  theory  of  transient  state: 
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where  C  =  a  exp  (AS/R). 

Several  values  for  activation  energy  and  the  temperature 
range  within  which  they  are  valid  are  presented  in  Table  4 
[7,  9-11]. 

Table  *1.  Activation  energy  of  several  metals. 

_  .  r"~  '!  i  I  Activation 


2»w> —  ',25 
no  —  It):  1 


Metal  r,  <c 

m 

Kca 

totlon 

l/mile 

■i  i 

1  Metal) 

1  » 

Ai  M0~i?5 

22,8 

Zi 

Ml’  350—5150 

r.0.3 

Cl! 

Ti  350-000 

26,0 

The  Intensity  of 

the 

course 

of  the 

of  metal  particles,  to  a  considerable  degree,  depends  on  the 
properties  of  the  oxide  layer  which  is  formed  during  oxidation. 

According  to  the  rule  oi  Pilling  and  Bedworth  [12,  13], 
if  the  volume  of  the  oxide  being  formed  is  less  than  the  volume 
of  the  metal  from  which  this  oxide  is  formed,  the  oxide  film  has 
a  loose  cell  structure  and  cannot  reliably  protect  the  metal 
from  further  oxidation.  If,  however,  the  volume  of  the  oxide 
exceeds  the  volume  of  the  metal,  then  a  protective  layer  Is  formed 
which  hinders  the  process  oi  metal  oxidation  under  the  condition 
that  the  boiling  temperature  of  the  oxide  is  sufficiently  high. 


The  coefficient  3  of  Pilling  and  Bedworth  is  calculated  from 
the  formula 


mpm 

'"'IPOK 


(1.4) 


where  M  is  the  molecular  weight  of  .the  oxide;  p  is  the  density 

O  K 

of  the  oxide:  p  is  the  density  of  the  metal;  A  is  the  atomic 

M 

weight  of  the  metal;  n  is  the  atomic  number  of  the  metal  in  the 
oxide  molecule. 
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Table  5  presents  the  values  of  $  for  various  metals.  As  is 
apparent  from  Table  5>  for  light  metals  -  alkali  metals,  alkali- 
earth  metals,  and  magnesium  -  6  <  1,  while  for  heavy  metals  and 
aluminum  $  >  1. 


Table  5*  Ratio  6  of  oxide  volume  to  metal 
volume . 1 


Oxide 

Oxide 

3 

Oxide 

3 

1,1. .o 

0,58 

ZrOj  ’ 

1,56 

ZnO 

1,55 

l.iv-O. 

0,*3 

VO 

1.51 

C.IO 

1.21 

Xii.-O 

0,55 

VaOs 

1,82 

Ah  Os  (a) 

1,28 

Na.Oj 

0,07 

v.o. 

•5,10 

AljOa  (jl) 

1.54 

KiO 

0,45 

Ci.Oa 

2,07 

SnOi 

1,32 

KjOj 

0,73 

CrOa 

5,1 

P1.0 

1.31 

ficO 

1,03 

WOa 

2,08 

PliaO, 

1,4 

MgO 

0,31 

U'Oa 

3,35 

MnO 

1,79 

CaO 

O.oi 

FejO» 

2,11 

MnjOi 

2,15 

Ti.Cs 

1.40 

Cii.O 

1  ,<>i 

IhO, 

2,46 

TiO 

1,20 

CnU 

1,72 

JData  concerning  the  volume  ratio  are  pre¬ 
sented  for  20°C.  For  other  temperatures 
tabular  data  must  be  corrected,  which  is 
easy  to  do  if  we  know  the  value  of  the 
coefficient  of  thermal  expansion. 


As  Pilling  and  Bedworth  have  found,  the  value  of  $  determines 
the  behavior  of  metals  during  high-temperature  corrosion:  if 
0  <  1,  the  metal  corrodes  easily  and  rapidly.  Obviously,  the  low 
value  of  0  for  magnesium,  alkali  metals,  and  alkali-earth  metals 
is  one  of  the  reason'^  for  their  high  burning  rate. 


At  very  high  value-  for  8  the  oxide  layer  obtains  consider¬ 
able  Internal  stresses,  cracks,  and  loses  its  protective 
properties;  therefore,  layers  in  which  8  does  not  greatly  exceed 
one  have  the  highest  protective  properties  [1*1].  This  includes 
aluminum  to  the  fullest  extent. 


The  basic  characteristic  of,  compound  ability,  which  serves 
as  a  measure  of  the  energy  of  the  interatomic  bond,  is  the 
isobaric  thermodyanmic  potential  or  the  free  energy  of  their 
formation,  defined  by  the  Hibbs-Helmhold  equation: 
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However,  more  complete  data  are  available  on  the  heats  of 
formation,  which  differ  comparatively  little  from  the  values  of 
free  energy.  Therefore,  it  is  natural  in  comparing  the  strength 
of  the  chemical  bond  of  compounds  to  use  data  on  the  standard 
heats  of  their  formation  [15-  *]  [Translator's  Note:  This  number 
is  illegible  in  the  original  document]. 


The  thermochemical  constants  for  inorganic  compounds  are 
the  largest  fundamental  quantitative  characteristics  since  the 
heat  and  free  energy  of  the  formation  of  oxides,  fluorides, 
chlorides,  and  other  metal  compounds  are  the  foundation  for 
calculating  burning  processes.  The  corresponding  periodic  curve 
for  oxides  is  presented  in  Fig.  7*  Heat  of  formation  is  referred 
to  one  atom  of  oxygen,  i.e.,  for  the  convenience  of  comparison 
it  is  calculated  for  one  bond.  As  is  apparent  from  Fig.  7,  the 
heat  of  formation  of  metals  widely  used  as  additives  to  propellants 
lies  in  the  upper  portion  of  the  curve.  The  maximum  heats  of 
formation  are  those  for  the  oxides  of  alkali-earth  metals  BeO, 

CaO,  MgO . 


Fig.  7.  Heat  of  oxide  formation  for  elements 
with  atomic  number  N,  referred  to  one  atom 
of  oxygen.  ' 

Designation:  Hwa/i/Monb. atom  **  kcal/mole  •  atom. 
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However,  more  complete  data  are  available  on  the  heats  of 
formation,  which  differ  comparatively  little  from  the  values  of 
free  energy.  Therefore,  it;  is  natural  in  comparing  the  strength 
of  the  chemical  bond  of  compounds  to  use  data  on  the  standard 
heats  of  their  formation  [15-  #3  [Translator’s  Note:  This  number 
is  illegible  in  the  original  document]. 

The  thermochemical  constants  for  inorganic  compounds  are 
the  largest  fundamental  quantitative  characteristics  since  the 
heat  and  free  energy  of  the  formation  of  oxides,  fluorides, 
chlorides,  and  other  metal  compounds  are  the  foundation  for 
calculating  burning  processes.  The  corresponding  periodic  curve 
for  oxides  is  presented  in  Pig.  7.  Heat  of  formation  i3  referred 
to  one  atom  of  oxygen,  i.e.,  for  the  convenience  of  comparison 
it  is  calculated  for  one  bond.  As  is  apparent  from  Pig.  7,  the 
heat  of  formation  of  metals  widely  used  as  additives  to  propellants 
lies  in  the  upper  portion  of  the  curve.  The  maximum  heats  of 
formation  are  those  for  the  oxides  of  alkali-earth  metals  BeO , 

CaO,  MgO. 
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Pig.  7.  Heat  of  oxide  formation  for  elements 
with  atomic  number  N,  referred  to  one  atom  , 
of  oxygen.  .* 

Designation:  Knan/no/ib.  arosi  =  kcal/mole* atom , 


For  oompurioon ,  the  poriodiu  curve  showing  the  heat  a  of 
fluoride  formation  is  illustrated  in  Pig,  15,  An  if  apparent* 
the  maximum  heats  of  formation  are  those  for  the  fluorides  of 
oxygon  and  lithium*  the  fluorides  of  metals  of  interest  to  ua 
also  lie  in  -ho  upper  portion  of  the  graph. 


Fig.  8,  Heat  of  fluoride  formation 
for  elements  with  atomic  number  N , 
referred  to  one  atom  of  fluorine. 


We  should  note  that  all  six  elements  to  which  the  maximum 
points  on  the  ourve  correspond  are  found  in  the  third  and 
fourth  groups  of  the  periodic  system  of  elements.  This  indicates 
the  possible  connection  between  the  position  occupied  by  the 
element  in  the  periodic  system  and  its  properties  as  a  rocket  , 
propellant. 

Since  shells  of  such  high-malting  oxides  as  A1,?0^ ,  MgQ,  BeQ, 
which  are  formed  in  the  process  of  burning  on  the  surface  of 
metal  particles  (or'  near  it),  have  a  considerable  effect  on  the 
burning  process  itself,  it  is  necessary  to  examine,  in  a  general 
outline,  the  physical  and  ohemic'al  properties  of  these  oxides. 

The  most  stable  compounds  are  those  which  have  the  maximum 
negative  value  of  free  energy  of  their  formation  from  elements. 
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The  aemparateive  thermal  stability  ©f  high-melting  ©xldea 
la  presented  in  Fi|§ ,  9  l! 3l 8 3 »  The  anlid  Unas  eanneel;  tehe  ©xldea 
having  i-denuen).  values  far  heat,  of  form&tslen,  ealeulateed  in 
g-»Q  (ate  8§di3),  The  widely  spaaed  arem*  hatching  indicates 
comparatively  low  therms)  at ability  of  the  oxides t  The  denser 
arose  hatching  indicates  the  region  of  greatest  stability. 


Fife.  9.  Comparative  thermal 
stability  of  high-melting 
oxides , 


Oxides  oan  interact  with  the  ambient  atmosphere  and  with 
other  oxides.  Usually,  high-melting  oxides  are  stable  to  the 
effect  of  various  atmospheres.  In  dry  air  and  in  oxidised 
atmospheres  they,  as  a  rule,  are  stable  up  to  the  melting  point. 
With  reduced  atmospheres,  as  well  as  with  atmospheres  containing 
carbon  and  sulfur,  oxides  oan  enter  into  a  reaction  [19-29]. 

Aluminum  oxide  is  inert  with  respeot  to  air,  water  vapor, 
hydrogen,  argon,  carbon  dioxide  and  monoxide,  and  nitrogen  up 
to  1700°C.  At  higher  temperatures  aluminum  oxide  reacts  with 
water  and  reducing  atmospheres  with  the  formation  of  Al^O  [19,  20] 
Although  aluminum  oxide  is  one  of  the  most  stable  oxides,  it 
reacts,  to  a  certain  extent,  with  hydrogen  sulfide  at  high 
temperatures,  becoming  saturated  with  sulfur.  Al^O^  enters  into 
a  reaction  with  hydrogen  fluoride,  .while  at  the  same  time  being 
stable  with  respect  to  HC1. 
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Aluminum  eKide  intnuaetia  witih  cavbnn  only  it  oxide  of  a 
wiftldtt«feilming  element  Aa  atKted  tui  the  uompQtt'AbiQn.  The  reaction 
gf  aluminum  uarbAde  i'aimmtAen  eeaura  even  when  m  oxidij  Aa 
addnd  which  ia  theinftgdynamiQUlly  mono  stable  than  Al^  (tQV 
example,  ¥hQ*»  &<aQ,  $rQf1)i 

n  frr. 


ViU\+ic.«*aVB+AX), 

3M*0»  4>  Vi}  *|.  T(5  «  AIM  *)'  V(i  t  WiU*  (1.6) 

This  process  takes  place  at  approximately  2AQ0°0.  The  oxide  o t 
the  carbide- forming  element  is  probably  surface-active . 

0 rapb A to- forming  oxides  include)  SAOg,  TiQ^ ,  2r(,\ ,  Ue^Og, 

Gi'gQ*,  NbgQg,  PfigOj*  v2°5*  a®°£»  B4)0»  1'hOg . 

Beryllium  oxide  l a  also  stable  in  air,  hydrogen,  carbon 
monoxide,  and  nitrogen  up  to  temperatures  not  exceeding  170Q°C, 
Although  BeO  has  low  vapor  tension  [21,  22],  it  evaporates 
rapidly  in  the  pres ©no©  of  water  vapor  at  high  temperatures 
due  to  the  formation  of  Be  (OH) ,j  in  vapor  form.  In  atmospheres 
containing  halogens  and  sulfur,  beryllium  oxide  also  is 
unstable . 

Magnesium  oxide  is  stable  in  air,  nitrogen,  carbon  monoxide, 
hydrogen,  and  ammonia  to  a  temperature  on  the  order  of  1700.90. 
Atmospheres  containing  halogens  and  sulfur  interact  with  MgO ; 
carbon-containing  media  reduce  magnesium  oxide  at  high  temperatures . 
At  temperatures  above  1800°G  magnesium  oxide  intensely  dissociates 
and  evaporates  [23];  In  a  vacuum  the  rapid  evaporation  begins  at 
temperatures  above  19QQ°C, 

Between  pure  oxides  at  temperatures  rauoh  lower  than  the 
melting  point  of  any  of  the  components,  reactions  with  the  forma¬ 
tion  of  liquid  eutectics  begin  to  ocour,  which,  in  a  number  of' 
oases,  will  promote  the  destruction  of  the  oxide  film  during  the 
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burning  of  install  particles.  blquldua  bQinporabure  for  various 
binary  systems  is  indioateet  in  Table  6  CUD* 


-Table  6,  idquiduo  temperature  for  various 
oxide  ooRMimtiena. 
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As  is  apparent',  from  Table  6,  In  a  number  of  cases ,  combina¬ 
tions  of  basic  oxides,  for  example  Alo0o,  MgO,  or  CaO,  with 
acids,  for  example  SiQg,  are  the  beat  in  this  respect. 
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HJgh-meltlng  oxides  are  usually  stable  in  contact  with 
carbides}  however,  at  sufficiently  high  temperatures  they  react 
with  them.  This  reaction  occurs  moat  easily  in  a  vacuum  where, 
as  a  result  of  the  reduction  of  various  compounds,  free  oxygen 
is  formed,  In  aontact  with  graphite,  BeO  is  the  most  stable  of 
the  oxides  in  question.  Below  are  presented  the  temperatures 
(UC)  for  the  beginning  of  the  reactions  of  various  oxides  with 
graphite  in  vacuum  [3Q>  31 D : 

Oxide  AliOa  HoO  MgO  StOj  ThGj  ZrO* 

T,  »c  1800  2300  1800  1400  1950  1800 

The  basic  thermal  properties  of  oxides  at  high  temperatures 
are  the  following;  melting  point,  coefficient  of  thermal  expansion, 
heat  capacity,  thermal  radiating  power,  and.  thermal  conductivity. 


16 


1'ho  malting  point; ,  aa  shown -In  Pig.  10,  depends  ,on  oryaital 
otruotura  and  the  tvtmja'th  of  Uho  molecular  linking,  . 

QChe  coefficient  of  thermal  expansion  (a),  in 'the  general 
aaae,  is  approximately  proportional  to  absolute  molting  point, 
aa  aeen  in  Pig.  11  in  the  example  of  a  number  of  oxides  and 
halogens.  Similarly,  the  heat  capacity  and,  the  coefficient  of 
thermal  expansion  grow  rapidly  at  low  temperatures,  approaching 
a  oertain  limit  or  increasing  Very  slowly  at  temperatures  above 
the  Debye  temperature,  In  this  region  the  heat  capacity  agrees 
rather  accurately  with  the  law  of  Dulong  and  Petit,  on  the  basis 
of  which  it  is  approximately  6  oal/deg* g-atom.  In  certain  - 
compounds  expansion  occurs  in  one  direction  of  the  orystal  and 
contraction  in  another,  due  to  which  the  total  expansion  during 
heating  is  very  little.  CaCO^,  AlgTiO^  and  a  number  of  lithium 
aluinosillcates  have  such  properties. 

The  effect  of  temperature  on  the  thermal  expansion  coefficient 
and  the  heat  capacity  of  aluminum  oxide  is  presented  in  Pig.  12. 
Data  on  thermal  conductivity  (X)  of  some  oxides  in  a  wide  temper¬ 
ature  range  for  various  structural  forms  are  presented  in  Pig.  13. 
The  difference  between  a  good  powdered  heat-insulating  material, 
such  as  finely  pulverized  magnesium  oxide  MgO,  and  the  best  heat 
conductor  of  the  BeO  oxides  is  more  than  four  orders  in  magnitude 
[30-32]. 

The  heat  radiating  capacity'  of  oxides  is  an  important  ' 
characteristic  when  examining  the  burning  processes  of  flames, 
dn  which  there  are  condensed  particles  of,  for  example,  MgO, 

AlgO^,  BeO,  etc.  Detailed  studies  of  the  radiating  capacity  of 
many  metals  and  their  oxides  can  be  found  in  various  books  and 
articles  [33-4*0. 
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j  Ionic  bond*-  -*-Co  valent  bond 

Fig,  10.  Melting  point  of 
1  oxides . 

f 


Fig.  11.  Thermal  expansion  co¬ 
efficient  (a)  versus  T. 


Fig.  12.  Effect  of  temperature 
on  thermal  expansion  coefficient 
and  heat  capacity  of  aluminum 
oxide . 

Designation :  Ka.n/r  rpa,q  “ 

=  cal/g  deg. 


Fig.  13.  Heat  conductivity  A  of  oxides 
versus  temperature.  1  -  Platinum;  2  - 
graphite;  3  -  pure  dense  BeO;  i|  -  SIC 
with  binding;  5  -  cure  dense  MgO;  6  - 
fireclay;  7  -  pure' dense  Al^;  8  - 

fused  quartz  glass;  9  -  pure  dense 
Zr02;  10  -  powdered  MgO. 

Designation:  wa/i/cM  •  ce« .  °C  =  cal/cm. s . °C . 
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As  a  rule,  the  amount  of  radiating  capacity  of  poly crystalline 
.oxides  is  generally  determined  by  the  quantity 'and  distribution  i; 
of  the  pores  in  them.  The  reflection  factor  of  a  porous  surface, 
differs  greatly  from  its  value  for  a  smooth  surface  since  the'. 

•pores  act  as  scattering  centers  and  their  effectiveness,  in  this 
respect,  depends  on  the  dimensions  and  concentration  of  the  pores.. 
With  high  scattering  effectiveness  (and,  consequently,  low 
absorption)  the  reflecting  capacity  can  be  very  high  while  the 
radiating  capacity  is  accordingly  very  low.  Pores  of  larger, 
dimensions  and  the  presence  of  impurities  can  bring  about  a 
significant  increase  in  radiating  Capacity. 


Reference  [hi]  presents  the  dependence  of  integral  radiating 
capacity  of  aluminum  oxide  on  temperature  (Fig.  lh) . 


Fig.  lh.  Dependence  .of  integral  radiating  capacity  for 
a  number  of  oxides  on  temperature,  according  to  the  given 
authors.  1  -  Petrov  [hi];  2  -  Olson  and  Morris  [h 53;  3  - 
Bronlow  [h5];  h  -  Feri  [h5];  5  -  Lemmon  and  Buda  [ h 5 3 • 


For  two  specimens  of  aluminum  oxide  different  results  are 
obtained.  Petrov  [hi]  explains  this  difference  by  the  character 
of  pores  and  cracks  since  one  specimen  had  many  more  cracks;  their 
number  increased  after  the  specimen  was  ground  to  a  thickness  of 
2  mm.  With  respect  to  radiating  capacity,  there  is  much  more  data 
available  in  the  range  of  comparatively  low  temperatures  for 
aluminum  oxide  than  there  is  for  other  oxides. 
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Data  from  Olson  and  Morris  [45]  for  two  different  specimens 
of  aluminum  oxide  differ  much  more  than  the  results  obtained  by 
Petrov  (by  approximately  0.2).,  These  authors  indicate  the  brand 
of  material.,'  but  do  not  present  information  about  it.  Patison’s 
results  [45]  fall  between  the  values  of  Olson  and  Morris  for 
two  specimens  of  aluminum  oxide. 


Figure  14  illustrates  the  dependence  of  integral  radiating 
capacity  of  magnesium ' oxide  on  temperature.  In  the  range 
approximately  up  to  13.00°K,  there  is  observed  a  decrease  in  the 
radiating  capacity ,  and  then  an  increase.  The  maximum  disagreement 
between  the  results  obtained  in  reference  [41]  and  the  results 
of  Olson  and  Morris  [45]  is  10$;  the  disagreement  between  the 
results  obtained  in  [4l]  and  the  results  from  reference  [39]  is 


Full  radiating  capacity  of  BeO  is  studied  in  reference  [46], 

For  A  =  0.65  um  the  spectral  emittance  at  900-l600°C  is  approxi¬ 
mately  0.22. 

Tor  quantitative  evaluations  of  burning  rates  and  especially 
oxidation  of  metal  particles  at  relatively  low  temperatures,  it 
is  frequently  necessary  to  know  the  value  of  the  rates  of 
diffusion  through  the  oxide  shells.  At  the  present  time  there 
are  data  for  a  rather  large  number  of  alloys,  metals  and  their  | 

oxides . 

The  temperature  dependence  of  the  diffusion  rate  is  defined 
by  an  exponential  expression  just  as  the  chemical  reaction  rate 
is  defined  by  the  Arrhenius  equation 

I)  =  Jh  exp  (—  Q/fiT), 

i 

where  Dq  and  Q  are  constant. 
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If  the  logarithms  'of  the  coefficients  of  chemical  diffusion 
are  plotted  on  a  graph  as  a  function  of  a  quantity  inverse  to 
temperature,  the ■ inter-relationship > can'  be  characterized;  by 
two  intersecting  lines,  according  to  the  expression 

b  =*  Q'/IiT)  -)-/>"oxp  (-  QlliT).  (1.7) 

.  Prom  this  equation  it  follows  that  diffusion  rates  at  low 
and. high  temperatures  are  determined  by  two  different  mechanisms. 
In. ionic  crystals  this  can  be  brought  about  by  the  diffusion 
of  atoms  of  one  sort  possessing  a  different  activation  energy 
than  atoms  of  another  sort  although  their  diffusion  rates  have 
approximately  the  same  order  of  magnitude  [47]. 

An  equation  in  the  form  of  (1.7)  ear  also  characterize  the 
situation  when  the  rate  of  the  process  at  low  temperatures  is 
determined  by  the  rate  of  diffusion  along  the  intergrain  boundaries 
and  at  high  temperatures  the  rate  of  diffusion  through  the  grains 
themselves.  In  alloys  the  transition  temperature  is  comparatively 
low;  however.  In  the  case  of  oxides,  which  are  frequently  more 
refractory  than  the  metals  themselves,  diffusion  along  the  Inter¬ 
grain  boundaries  can  predominate  even  at  comparatively  high 
temperatures  [48]. 

The  values  of  the  coefficients  of  diffusion  for  a  number 
of  oxides  are  presented  in  Table  7. 


Table  7.  Data  on  diffusion  rate  of  ions  in 
metals  and  oxides . 


Metal  cf 
compound 

Diffusing 

element 

Temperature 
range,  °C 

D0»  om2/a 

vi,  kcal/g-atom 

Fofr). 

Fo 

905-1*01 

5,8 

75,2 

Fe(»> 

G  1 

from— 10  to  +800 

0,02  j 

20,  i 

N 

from  —23  to  -j-37  | 

0,03 

18,2 

Cu 

Zn 

550-90') 

0.002', 

30,2 

!  C<! 

500-4S0O 

0,0035 

OO  •> 

-  f  ~ 

A1 

Do 

500—030 

52 

39,0 

a-Zr 

0  lion) 

',00-535 

5.2 

51,0 

V 

0 ( ion) 

70-181 

0,011 

20,0 

MgO 

Mg (ion) 

1  ',00—1000 

0,25 

70,0 

0  ( ion) 

1300-1750 

.2,5.10-" 

02,4 
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Table  7  Cont'd 


CuO 

Cn  ( ion ) 

900— 16'i0 

0/. 

81,0 

CrjOj 

Cr 

..  1000—1330 

■MO* 

100,0 

FftjOs 

Fc 

930—1270 

4.10* 

112,0 

O 

1150-1250 

10” 

146 

CuaO 

Cu 

800-1050 

0,12 

36,1 

O 

— 

0,0065 

39,3 

ZnO 

Zn 

950-1370 

1,3 

73,5 

O 

1100—1300 

6,5.10’* 

165 

ALOs 

0 

1200-1003 

6,3-10-* 

57,6 

P1>0 . 

PI) 

490-600 

10* 

66 

§  2 .  Aluminum 

Aluminum  is  crystallized  in  a  face-centered  lattice  with 

<’  O 

parameter  a  »  4.04  A;  atomic  radius  1.43  A.  Aluminum  does  not 
have  allotropic  modifications.  The  basic  physical  properties 
of  aluminum  are  presented  below: 


Atomic  weight 

O 

Density,  g/cmJ 


'  n/r 


°C  [Melting  point] 

o, 


T  ,  °C  [Boiling  point] 
k  ri  n 

Specific  heat  capacity,  cal/g. deg 
Latent  heat  of  fusion,  cal/g 
Latent  heat  of  evaporation,  cal/g 
Heat  conductivity,  cal/cm*s*deg 
Coefficient  of  linear  expansion, 
10”^ 'deg”1 


26.98 

2.7  ( 20°C ) 

2. 35(1000°C) 
660 

2050  (1  atm) 

0.2l4(20°C) 

96 

3050 

0.503(20°C) 
23.8  ( 20“100°C) 


The  modulus  of  elasticity  for  aluminum,  according  to  the  data 
from  various  studies,  lies  within  6670-7300  kgf/mm^  [49-50].  The 
viscosity  of  melted  aluminum,  as  a  function  of  temperature, 
changes  from  0.0635  poise  at  670°  to  0.01392  poise  at  800°C  [513. 
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The , value  of  the  surface  tension  of  aluminum  in  the  range 
700- 8,20  is  520  dyne/ cm  [52].  : 


■•■■v  . ,  The  v^por  pressure  of  aluminum  at  various  temperatures 

(expjf^fised  in  mm  Hg)  is  as  follows:  at  0°C,  1*10"^.  at  the 
melting  point,  5*25*10""^;  and  at  l880°C,  1  mm  Hg.  In  vacuum 
(evacuation  1  mm  Hg)  the  boiling  temperature  of  aluminum  drops 
to  1603°G  [16] . 

The  electric  conductivity  of  aluminum,  as  a  function  of 

temperature,  changes  from  156*10^  fr^'cm"1  (-189°C)  to  12.5*10^ 
v  -1 

fi  *cm  (+40C°C) .  The  electric  conductivity  of  aluminum 

v 

depends  on  the  degree  of  purity  of  the  metal  and  drops  with  an 
increase  in  impurity  content.  Thus,  If  the  electric  conductivity 
of  aluminum  with  a  purity  of  99*99 7%  is  6 5-^5%  of  the  electric 
conductivity  of  copper,  then  for  aluminum  with  a  purity  of 

99.5 %  this  figure  drops  to  62.5$.  The  specific  resistance  of 

— 

high-purity  aluminum  at  20CC  is  2.620*10  $2*  cm. 


In  the  periodic  system  of  elements  aluminum  is  located  below 
boron;  therefore,  its  metallic  properties  are  more  strongly 
pronounced  while  it  is  inferior  to  boron  with  respect  to  chemical 
activity . 

Aluminum  reduces  the  majority  of  metal  oxides  to  metal,  Joins 
vigorously  with  halogens,  and  at  high  temperatures  with  sulfur, 
nitrogen,  phosphorus,  and  carbon.  Traces  of  the  formation  of 
aluminum  carbide  A 1  ^  C  ^  are  detected  even  at  650°C  and  the  reaction 
reaches  full  development  at  1^00°C  [28] .  Aluminum  carbide  above 
21Q0°C  dissociates  and  the  aluminum  thus  released  is  capable  of 
dissolving  in  carbide.  With  cooling,  this  solution  decomposes 
and  there  occurs  a  reverse  formation  of  metallic  aluminum  In 
vacuum,  in  the  range  400-1^00°C,  aluminum  carbide  is  stable  and 
no  changes  are  detected.  At  22Q0°C  aluminum  carbide  sublimates 
without  changing  to  liquid  state.  The  vapor  tension  of  aluminum 
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carbide  which  is  in  equilibrium  with  graphite  and  aluminum 
saturated  with  graphite  is  ^00  mm  Hg  at  this  temperature.  The 

O 

density  of  aluminum  carbide  is  2.36  g/cm  ,  while  the  heat  of 
formation  with  respect  to  the  AA1  +  3C  ->  Al^C^  reaction  is  63.2 
kcal/mole.  At  high  temperature  aluminum  carbide  is  a  rather 
stable  compound  but  is  oxidized  by  all  compounds  capable  of 
giving  off  oxygen.  Therefore,  Al^C^  reduces  metal  oxides;  the 
course  of  the  reactions  depend  on  temperature  conditions,  can  be 
rather  complex  and  lead  either  to  a  reduction  of  the  oxide  to 
metal  with  the  formation  of  aluminum  oxide  or,  from  the  aluminum 
carbide,  aluminum  can  be  partially  separated  in  parallel  and 
give  an  alloy  with  reduced  metal. 

Prom  rather  numerous  works  (including  [53,  5*0),  we  know 
that  the  very  first  film  forming  on  aluminum  when  air  at  room 
temperature  acts  on  it  is  amorphous  in  the  sense  that  its  crystal 
nature  cannot  be  distinguished  by  either  electron  diffraction  or 
X-ray  diffraction.  This  in  no  way  excludes  the  possibility  of 
the  existence  of  very  small  crystalline  formations  consisting, 
for  example,  of  two  Al-CU  molecules  [5*0*  Holding  aluminum  at 
A00°C  in  air  or  under  partial  oxygen  pressure  10  mm  Hg  [55] 
enables  us  to  distinguish  the  crystal  nature  of  the  oxide  on  the 
metal-oxide  interface.  At  temperatures  above  500°C  in  air,  due 
to  chaotic  generation,  there  is  formed  a  continuous  layer  of 
oxide  crystals  with  a  maximum  of  0,1-0. 2  urn  in  diameter.  As 
it  appeared,  the  films  forming  on  the  melted  aluminum  in  air 
atmosphere  are  amorphous  at  650-700°C,  while  at  700-710°C 
crystalline  films  of  y-AlgOg  occur  [5A], 

For  aluminum  oxide  Al^O^  two  crystal  modifications  are  known: 
a-Al^O^  (corundum)  with  a  rhombchedral  lattice  and  v-Al^O^ 
(aluminum  oxide)  which  has  a  cubic  face-centered  lattice  [57]. 
Lower  oxides  (monoxide)  A1Q  and  Al^O  can  also  form  during  the 
oxidation  of  aluminum.  The  heat  crt  dissociation  for  monoxide 
A10  is  -97  kcal/mole. 
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The  density  of  AlgO^  in  the  form  of  corundum  is  3.96  g/cm^ 

and  in  the  form  of  aluminum  oxide  is  3.42  g/cm^ .  The  average 

specific  heat  capacity  of  commercial  aluminum  oxide  in  the  range 

20-1000°C  is  defined  as  equal  to  0.304  cal/g  [16].  The  average 

thermal  expansion  of  Alo0o  in  the  range  20-1000°C  is  taken  as 
-6-1  ^  o 

8.5*10  deg  .  The  heat  conductivity  of  aluminum  oxide  is 
0.025  cal/cm* s • deg. 

According  to  a  number  of  determinations  from  various  studies, 
the  melting  point  of  Al^O^  can  be  taken  as  lying  within  2010-2050  °C, 
and  the  latent  heat  of  fusion  and  evaporation  is  58.5  and  115.7 
cal/g,  respectively  [16]. 

The  vapor  tension  of  A^O^  at  various  temperatures  is 
presented  below: 
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The  heat  of  formation  for  Aln0o  is  400.5  kcai/mole.  The 
change  in  weight  of  pure  aluminum  during  its  oxidation  in  an 
oxygen  atmosphere  at  temperatures  above  35o°C  was  determined 
by  Gulbrasen  and  Wyson  [7],  Aylmore,  Greggt  and  Jepson  [58]. 

It  was  found  that  the  degree  to  which  the  studied  specimens 

were  polished  and  degassed  strongly  affected  the  experimental 

results.  The  Increase  in  the  amount  of  absorbed  oxygen  with 

time,  observed  at  temperatures  of  'v400°C,  is  subject  to 

parobolic  law.  In  the  range  450-60Q°C  the  curves  Am  =  f(t) 

agree  best  with  the  rules  of  parallnear  oxidation  [58].  At 

600° C  the  asymptotic  character  of  the  oxidation  is  brought 

about  by  the  trans formation  of  the  amorphous  structure  of 

AlgQ^  to  crystalline,  which  can  be  detected  by  electron  diffraction. 
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In  spite  of  the  high  heat  of  formation  for  aluminum  oxide, 
it  is  difficult  to  oxidise' aluminum  even  at  high  temperature  in 
pure  oxygen  and  in 'a  finely  ground  state.  This  fact  is  due  to 
the  presence  'in  aluminum  of  a  dense  film  of  Al^O^,  completely 
impenetrable  for  gaes;  tl'io  approximate  thickness  of  this  film 
Is  0,0002  mm;  Its  weight 'per  1  nm*  of  aluminum  surface  is 
approximately  0.1  mg,  This  thin  film  is  a  protection  against 
the  propagation  of  the  oxidation  into  the  depth  of  the  metal, 

At  room  temperature,  aluminum  ceases  to  oxidise  after 
approximately  one  hour  [5Q].  According  to  Dankov  [5S,  603, 
when  storing . aluminum  at  room  temperature,  the  oxide  film  on 
its  surface  fil'ter  seven  days  reaches  a  thickness  of  50-100  A, 

With  an  Increase  in  storing  temperature  up  to  the  melting 
point,  film  thickness  can  reach  2000  A. 

As  a  result  of  a  three-month  storage  of  aluminum,  an  oxide 

O 

film' approximately  70  A  thick  forms  on  it,  which,  in  the  course 

’  (  O 

of  time,;  increases  at  a  rate  of  2-3  A  per  month.  The  film  on 

remelted' aluminum  consists  of  crystal  y-Al..,0~.  The  same  film 

<-  o 

is.  formed  on  aluminum  during  long  heating  in  the  range  ^00-500°C, 
With  rapid  heating,  however,  up  to  a  temperature  of  500°C,  an 
amorphous  film  of  AlpO^  is  formed  on  it  and,  with  heating  up  to 
700 °C,  a  mixture  of  amorphous  AlpO^  and  y-Al?0^  is  formed. 

On  electron-uiffraction  patterns  of  oxide  films,  taken  from 
liquid  aluminum  and  its  alloys  not  containing  magnesium,  in 
addition  to  the  diffraction  rings  of  y-AI^O^,  there  are  rings 
which  belong  to  the  structure  of  metallic  aluminum  with  the 
characteristic  grain-oriented  packing  [60],  This  phenomenon  is 
connected  with  the  presence  of  very  fine  aluminum  dendrites  in 
the  composition  of  the  oxide  film,  which  is  also  seen  when 
examining  the  structure  of  the  oxide  film  in  an  eleotron  microscope 
with  magnification  on  the  order  of  5000-6000. 


l  i 

The  tcmd©nu,>  of,  oxide  film  tow<ml  penetration  by  very  Fine 
aluminum  dend.vitsea  with  a  definite  oriuntation  aan  apparently 
be  explained  b},  the  viryatai^uh  huiual  and  dinmnnienai  oonnuu pbntianob 
of  the  crystal  iattj.oos  pf  aluminum  and  lbs  uxAUa. 

i 

With  au  Jnureaae  in  temperabura  the  graiyr-orife'nbbd  niriffia  of 
aluminum  disappear  and  on  the  sleet-- •  n«dif fraction  pattern  thane 
remain  only  rings  of  pure  aluminum  uxj.de  y-AI^Q*. 

X 

Aluminum-magnesium  alloy  a  with  a  magnesium  non  tent  from 
h— 1 29»  have  become  widely  used.  Aluminum  with  magnesium  forma 
intermetnllio  compounds  Al^Mgg,  Al,jMg|(,  Al^Mg^,  The  compound 
Al-jMg^  baa  a  heat  of  formation  of  ii9  l<  oh  i/me  Jr  j  its  density  io 
2.15  g/um"*  and  boiling  point  t(>3QG.  Thin  alloy  differs  favorably 


from  corresponding  mixtures  of  aluminum  with  magnesium  by  its 
lower  corrosion  capacity*  it  As  vary  brittle,  which  makes  it 
possible  to  pulverise  it  easily,  Wo  know  that  intermetalllc 
ciompo undo  are  generally  characterise;  l  by  const durable  brittleness 
and  hardness  whiob  la  much  greater  than  the  hardness  of  their 
components . 

Considerable  attention  has  been  given  to  the  properties 
of  aluminum  alloys  with  magnesium  in  an  atmosphere  of  air  and 
water  vapor.  An  electron-diffraction  study  of  aluminum  alloys 
with  2,t-8i6  magnesium,  heated  in  an  atmosphere  of  dry  air,  was 
undertaken  by  De  Brouokero  [533 »  whose  expanded  and  confirmed 
experimental  data  was  obtained  earlier  by  Proa ton  and  Biroumshaw 
[61] ,  n:i  well  as  Dobinskl  [62], 

The  oomposition  of  films  forming  on  these  alloys  d(?pends 
considerably  on  temperature.  At  high  temperatures  (above  35G°G) 
magnesium  oxide  (with  an  impurity  of  some  amount  of  Mg-^Ng)  is 
mainly  formed  during  the  oxidation  of  liquid  alloys  in  an  air 
atmosphere  [63] i  while  aluminum  oxide  is  completely  absent, 

The  films  are  yellow  or  brown.  The  thick  black  films  observed 
under  praotioal  conditions  consist  of  MgO.  Heating  the  alloys 


to  3J0«i'>0°Q  la  atwampaniod  by  tha  formation  or  a  crystal 
YHnodifl  ciation  of  ulumi  num  o,\,Uo  £60].  The  puaoasaiva  h@tu.ing 
of  alloys  tso  iioo°c  (fwr  ^xamplu,  holding  at  2?0*G  :,w  IS  hour** 
and  than  final  hoaxing  up  to  ^ o o ® Q >  loads  to  the  fopMatien  of 
double  films  consisting  of  magnesium  oxide  oven  aluminum  oxide, 

It  la  assumed  than  the  formation  of  the  upper  layer  of  magnesium 
oxldd  is  explained  by  the  diffusion  of  magnesium  ions  through 
a  f i JL, i  of  aluminum  oxide  and  oxidation  along  the  oxid.-air 
interface  (more  accurately  along'  »  v®  interface  between  Al^O^ 
and  MgO ) , 

Smeltaor  ('60  3  determined  the  oxidation  rate  of  an  aluminum 

alloy  with  5,9$  Mg  at  ?00-5‘K)°Q  and  an  oxygen  pressure  of  76  mm  Hg 

by  the  weight  method,  The  rate  of  its  oxidation  was  clearly 

subject;  to  parabolic  law;  the  transition  from  parabolic 

oxidation  to  linear  set  in  when  the  thickness  of  the  film 

0 

reached  approximately  1000  A,  The  two  constants  of  the  oxidation 
rates  are  expressed  by  the  following  equations! 


A’w|m„»-  3.to'*oxp(~aaooo//*r), 
('  parabolic] 


p  ,  1 1 

g /cm  . a , 


K  «  o,a  w it  mo  mtnn  g/o m2  •  g  , 
[linear] 


(1.8) 


Hiraahlma  [63.1  rather  thoroughly  studied  the  seleative 

oxidation  of  an  aluminum  alloy  with  2,5%  Mg.  At  a  partial 

pressure  of  water  vapor  from  0,007  to  0,06  mm  Jig  the  alloy 

oxidises  according  to  parabolic  lawj  Its  oxidation  rate  apparently 

oi.  2- 

1s  determined  by  the  rate  of  the  diffusion  of  Mg'"  or  9  ions 
through  a  film  of  MgO.  However,  when  the  partial  pressure  of 
water  vapor  is  1  mm  Hg,  oxidation,  from  parabolic  In  the  initial 
state,  soon  becomes  linear.  A  broader  study  of  tho  oxidation  of 
aluminum-magnesium  alloys  by  water  vapor  is  presented  in 
reference  [65]. 
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8  3,  Beryllium 


Beryllium  is  a  bid^hb-gTay  rotVaotory  britvia  matal.  'Th^  "s 
aU»uoiiure  of  the  low"*i!eniperatjure  modi'll  aabion  of  bory-Alium  is 
ohwaetoorlBQd  by  a  hexagonal  lattioe  [6b«C>93,*  a^  «  a,$8$i)  A, 
qq  «  3,5829  A,  o/a  «  1.56??. 


Below  1200°G  no  polymorphic  biwca  format  lone  of  beryllium 
are  observed.  The  phase  transition  of  a~13e  to  cubic  form  fl-Bo 
(aQ  »  2.gt  A),  occurs  at  12St°c  [?Q],  Beryllium  has. 'the  following 
phyeiool  properties  [68]: 


Denaiuy,  g/or 


TnA>  °G  [Melting  point] 


T  ,  °G  [Boiling  point] 

HUM 


Heat  of  formation,  koal/g«atom 

T  »n  1 

Eleourio  v^nduetivlty ,  •  om 


wrinell  hardness,  kgf/mm' 


Modulus  of  elasticity,  kgf/mirf 


1.8*17 

1283  ..  .  .' 

2970  ‘ 

2.8  ±  0.5 
38.0-^3.1*10^ 
9  7  —  1 1  h 

29,280-30  ,000 


Gulbranaon  and  Endrew  [7]  studied  the  evaporation  of 
beryllium  below  the  melting  point.  Data  from  these  authors 
are  expressed  by  equation 


in/'(atm)«»USil  |.  MildCW  ~(h)7:U  t;  SO)  T~K 


(1.9) 


From  this  equation  it  follows  that  the  graph  of  In  P  as  an  inverse, 
function  of  temperature  does  not'  differ  noticeably  from  a  straight 
line.  ■••  ’’ 


The  evaporation  rate  of  beryllium,  as  noted  by  Gulbransen, 

noticeably  decreases  when  there  is  an  oxide  or  nitride  film  on 

the  surface  of  the  specimen.  With  an  average  oxide  film  thickness 

of  600  A,  vapor  pressure  decreases  by  one  order,  but  when  thickness 
o  '  0 

is  5000  A,  it  decreases  by  a  faotor  of  60.  A  nitride  film  2000  A 

thick  reduces  evaporation  rate  by  a  faotor  of  M,  The  effect  of  ■  ■  •• 


*},\fcVl ^  r.-.v*  *  we  Jr  <  ilk  ►:v‘ v»  i» 


-.v  i  ■’*.  •>  >  m  i  <  *  ■! 


aurfuuo  films  on  evaporation  rate  is  greater  the  lower  the 
temperature .  According  to  observations  ol\  Popirov  and 
Tilth  inakly  the  oxide  film  nol.lowub.Ly  'reduces  evaporation 

rate  only  below  1100-1150  °G{  in  the  range  of  higher  temperaturec 
the  film  scales  off  the  surface  and  during  sufficiently  long 

\- 

teats  has  little  effect  on  evaporation  rate. 

Aaaordi ng  to  Holden  [71],  the  atent  heat  of  sublimation 
for  beryllium  ia  '/Moi-'  j;  370  cal'/mole. 

Bauer  and  ’’runner  (cited  in  [68])  have  shown  that  vapor 
pressure  (mm  Ml  in  the  range  1577-2058°C  can  be,  expressed  by 
equation 


lu  /» «*  o.ioi  U7in/*-i, 


(1. 10) 


Their  extrapolation  of  the  vapor  pressure  curve  up  to  a 
value  of  1  atm  gives  2970°C  for  the  boiling  point  of  beryllium. 

The  enthalpy  of  beryllium  grows  almost  linearly  from  h 2 . 6 
cal/g  at  94°  to  571  oal/g  at  a?6°C  [72]. 

Thermal  conductivity  of  beryllium  at  0°C  is  0.38^7 
eal/erms  -deg.  In  the  range  from  -176°  to  +190.4°C  the 
thermal  conductivity  of  beryllium  increases  from  0.232  to 
0.508  cal/ :m« s • deg. 

Gu-lbransen  and  End  row  [7]  studied  the,  oxidation  of 
sufficiently  pure  beryllium  in  oxygen  and  nitrogen  by  determining 
the  weight  variation  of  ground  and  polished  specimens  on 
sensitive  thermal  scales.  At  a  pressure  of  76  mm  Hg  the  results 
of  two-hour  tests  were  expressed  by  the  following  equations: 
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in  an  atmosphere  of  N0: 


2  ,or# 

(I. 11) 


for  T  =  72 5-9 2 5° C 

Kp  »  23.6  exp  (-75,000/RT) ,  g2/cm^-s 


These  equations  do  not  take  into  account  the  initial  accelerated 
weight  increase.  In  these  short  tests  the  oxygen-time  dependence 
had  an  almost  parabolic  nature. 


However,  Aylmore,  Gregg,  and  Jepson  [73]>  after  increasing 
the  length  of  the  tests  to  300  hours,  could  not  confirm  this 
observation  for  the  range  500-700°C.  The  beryllium  which  they 
used  was  purer  and  contained  0.3$  BeO  and  0 . 16$  other  fnetals.  . 
At  temperatures  below  650°C  the  oxidation  rate,  according  to 


observations,  continuously  decreased  with  time,  achieving  after 

2 


300  hours '  the  level  0.02-0.04  yg/cm  ,*gj  the  oxidation  rate  was 
not  subject  to  parabolic  law.  Nevertheless ,  as  the'  authors 


note,  oxidation  was  most  likely  determined  by  .  the  diffusion  of.. 

Od¬ 
ious  ,  and  the  deviation  from  parabolic  law  was  probably 


Be 


due  to  the  variation  in  impurity  content  in  the  scale 


Beryllium  oxide  crystallizes  In  the  form  of  colorless 
(polycrystalline  mass  has  a  white  color)  hexagonal  crystals  and 
is  one  of  the  most  stable  chemical  compounds  [74].  The  crystal 


lattice  constants  of  beryllium  oxide  at  18°C  are  a  =  2.698  A  and 


c  =  4.377  A;  density  Is  3.025  g/cm  . 
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The  melting  point  of  beryllium  oxide  is  2570  ;±  25°C.  .  . 

[18,  31,  753.  Erway  and  Seifert  [76]  have  established; that  the 
boiling  point  <sr  beryllium  oxide  must  be  on  the  order  of  4l00°C, 
although  a  value  of  approximately  4300°C  is  frequently  ' found 
'in  literature.  It  was  further  established  that  the  high, 
volatility  observed  for  beryllium  oxide  is  due  to  water  vapor, 
impurities  and  that  in  dry  atmosphere  the  pressure  of  its 
vapor  is  not  great.  In  reference  [76]  the  following  equation 
relating  the  vapor  pressure  of  beryllium  oxide  to- temperature 
was  found  experimentally:' 


Ig  P  —  (48,00  i  0,23) 


(34  230  ;fc  530) 
T 


(1.12) 


where  P  is  expressed  in  millimeters  of  mercury. 


Based  on  the  melting  point  and  the  calculated  values  for 
the  entropy  of  fusion,  Erway  and  Seifert  established  the 
value  of  the  latent  heat  of  fusion,  equal  to  17.0  ±  1.4 
kcal/mole -  deg.  They  also  found  that  the ' value  of  the  latent  heat 
of  evaporation  of  beryllium  oxide  is  117,0  ±  ^40 . 5  kcal/mole, 
which  corresponds  to  the  entropy  of  evaporation  at  the  boiling 
point,  equal  to  25*6  ±  2.7  cal/mole • deg. 


Grossweiner  and  Seifert  [77]  studied  the  volatility  of 
beryllium  oxide  in  the  presence  of  water  vapor  and  established 
that  the  weight  loss  of  beryllium  oxide  is  a  linear  function 
of  the  value  of  the  partial  pressure  of  water  vapor  and 
corresponds  to  the  reaction 


BcOtb  4.  IhO  BoO.HjOTB, 

They  calculated  the  heat  and  free  energy  of  this  reaction, 
which  at  1400°C  was  41.5  and  29  kcal/mole,  respectively.  The 
results  of  works  [76,  77]  on  vapor  pressure  made  it  possible 
to  calculate  the  following  values  for  the  reaction  occurring 
in  vapor  phase:  AH0  a  -10 8. 5  kcal/mole ;  AF^  =  -57.5  kcal/mole. 
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The  variation  in  the  amount  of  free  energy  for  this  reaction  is 
much  more  favorable  than  for  the  reaction  with  solid  beryllium 
oxide.  .  If  we  examine  this  reaction  as  a  simple  association  of 
molecules,  the  heat  of  the  reaction  Is: too  great  and  corresponds 
mpre  nearly  to  the  reaction 


BoOtb  HjO  ■— » 136  (OH)tTB, 
[tb  =  solid] 


Hence  it  follows  that  although  solid  hydroxide  Be(OH)2  is 
unstable  at  temperatures  above  240-300°C  and  atmospheric  . 
pressure  [78-81,  83],  at  high  temperatures  it  becomes  stable 
in  a  gaseous  state.  To  confirm  this,  Grossweiner  and  Seifert 
[77]  calculated  the  binding  energy  of  Be-OH  for  the  gaseous 
phase  of  Be(OH)2,  which  was  109  kcal/mole.  Consequently,  we 
can  conclude  from  this  that  the  product  of  beryllium  oxide 
interaction  with  watervapor  is  beryllium  hydroxide  In  a  stable 
gaseous  phase. 


§  4 .  Boron 


Boron  is  known  in  two  modifications:  a  fine-crystal  form, 
the  so-called  amorphous  boron,  which  is  a  brown  powder,  and 
crystalline  boron  with  a  dark  gray  color.  According  to  data 
from  Laubengayer  [82],  the  minimum  elementary  cell  of  the  latter 
modification  of  boron  contains  approximately  50  atoms  and  has  the 

O  O 

following  parameters:  a  =  8.93  A,  c  =  5*06  A;  the  orientation 
of  the  axis  agrees  with  the  axis  of  an  acicular  crystal. 


The  physical  and  chemical  properties  of  elementary  boron, 
to  a  considerable  extent,  are  determined  by  the  purity  of  the 
product,  which  is  connected  with  the  method  of  obtaining  it. 

The  basic  physical  and  chemical  properties  of  boron  are  presented 

below  [84-88]: 


v: 
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*3 

Density,  g/cm\ 

..  crystalline..  ... 

amorphous 

Tn„>  °C' 

'  Vn'  °C 

Heat  capacity,  cal/g* atom* deg 
Heat  of  evaporation,  kcal/g-atom 
Heat  conductivity,  cal/s*cm.deg 
Heat,  of  combustion,  kcal/g-atom 
Entropy,  kcal/g-atom* deg 


2 . 33  ±  0,2  ■ 

2.3  • 

2075  ±.50 
2550 

1 . 5  4  +  0 .00114  -  ■ 

90' 

0.00  3 
306  ±1 

1 .  JJ08(cryst .  boron) 

1 . 56^.(amorph  .  boron) 


Heat  of  transformation 

P  ■“  B 

aMop4> [amorphous ]  '  KpucrCcrystalline]  . 

kcal/g-atom  0 .  ^ 

"i  O  . 

Coefficient  of  thermal  expansion,  deg-  8.3*10”  ±  3% 


t 


s 


i 


Boron  acquires  a  considerable  vapor  pressure  beginning  at 
1200°C  and  noticeably  evaporates  at  1600°C.  The  vapor  pressure 
of  boron  at  1600°  is  10  J  atm,  at  1750°  is  10  atm,  and  at 
2150° C  10-2  atm  [87]. 


The  partial  oxidizability  of  the  surface  of  particles  of 
even  the  purest  specimens  of  amorphous  boron  causes  the  consider¬ 
able  hydrophily  of  its  powder  [88].,  As  concerns  particle  dimensions 
for  boron  powder,  this,  of  course,  depends  on  the  method  of 
obtaining  the  powder.  According  to  data  from  Markovskiy  and 
colleagues  [88],  Moissan  boron,  obtained  by  adsorption  methods, 
has  an  average  particle  size  on  the  order  of  0.3  ym  and  a 
specific  surface  of  approximately  6  m  /g. 

Boron  has  a  negative  temperature  coefficient  of  resistance, 
and  its  electric  conductivity  with  a  temperature  increase  from 

Q 

200°C  to  1000°C  grows  by  a  factor  of  approximately  2"10u  [89]. 
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The  reaction  capacity  of  elementary  boron  depends- 
substantially,  on  the  purity  of  the  product,  as  well  as  on  the 
degree  of  its  crystallinity.  Thus,  although  amorphous  boron 
oxidizes  slowly  in  air  even  at  room  temperature,  upon  heating  to 
800°C  it  ignites  and  burns  with  a  blinding  white  light.  Large 
crystals  of  boron,  on  the  other  hand,  are  sufficiently  stable 
even  at  rather  high  temperatures.  This  difference  between 
amorphous  and  crystalline  boron  is  apparently  connected  with 
the  fact  that  the  film  of  BgO^  being  formed  protects  the  latter 
from,  further  oxidation. 

During  the  combustion  of  boron  in  air,  boron  anhydride  is 
always  formed.  In  addition  to  B^^*  as  oxygen  compounds  of 
boron  we  know  of  several  other  oxides  including  B202  and  B^O^, 
as  well  as  BO. 


On  the  basis  of  experimental  data  from  references  [90,  91] > 
the  thermodynamic  stability  of  various  oxides  forming  in  gaseous 
phase  during  the  e.aporation  of  liquid  B20^  below  2400°R  was 
evaluated.  According  to  these  data,  ^9b%  of  the  volume  of  gas 
consists  of  BgO^  and  only  5%  of  the  suboxides  B202  and  BO  or 
gaseous  elements. 


The  spectral  data  for  molecules  of  gaseous  BO  are  presented 
in  Hertzberg's  work  [93]* 


From  the  data  presented  below  we  cl  1 
is.  more  stable  than  the  oxide  BO: 


Molecule 

BO  (gas) 
B202  (gas) 
BgO^  (gas) 


AH  (at  o°K) , 
kcal/mole 


+  5.3 

-110.9  ±  7 
-214.4  ±  5 


see  chat  the  oxide  B202 


Diss  relation 
energy  (at 
o°K) ,  kcal/mole 


189.5 

500.5  ±  10 
662.9  ±  6 


-  \ 
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At  high  temperatures  boron  anhydride  is  reduced  by  many 
metals,  particularly  A1  and  Mg,  with  the  formation  of  elementary 
boron  and, its  alloys  [88].  Carbon  reduces  with  the  formation 

of  boron  carbide  at  a  temperature  on  the  order  of  2100-2400°C. 

Crystals  of  boron  anhydride  have  a  rhombohedral  shape  and 
give  a  characteristic  X-ray  pattern,  which  can  be  identified  as 
hexagonal  with. a  =  4.325  A  and  c  =  8.317  A  [92]. 

Zintl  and  colleagues  (cited  in  [88])  established  that 
during  the  heating  of  a  mixture  of  A^O^  with  elementary  boron 
at  1300°C  the  following  reaction  occurs 

AliO>-t-3H~2Al+3DO. 

This  reaction  can  lead  to  the  formation  of  a  number  of  suboxides 
of  boron. 

Boron  easily  combines  with  fluorine,  chloride,  bromine,  and 
iodine  [87].  Pure  boron  does  not  interact  with  chloride  at 
temperatures  below  500°C,  but  combines  rapidly  with  it  at  550°C,  , 
forming  boron  trichloride.  Certain  properties  of  boron  were 
discovered  and  studied  by  Culllleron  [94],  A  mixture  of  boron 
with  potassium  permanganate ,  minium,  antimony  trloxide,  or 
lead  nitrate  ignites  upon  impact  or  friction,  but  without 
explosion.  The  reaction  of  boron  with  hydrogen  iodide  occurs 
with  explosion. 

As  was  noted  earlier,  Leonard  [1,  95]  studied  the  possibility 
of  using  boron  hydrides  as  rocket  propellant.  The  highest 
specific  impulse  is  achieved  when  using  elements  with  low  atomic 
weight  as  propellants. 
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Although  the  theoretically  most  contemporary  propellant  for 
engines  is,  of  course,  hydrogen,  nevertheless  because  of  practical 
considerations  it  must  be  used  in  a  compound  with  other  elements, 
for  example,  boron  or  lithium.  It  is  usually  assumed  that  for 
many  reasons  boron  suits  this  purpose  better.  In  the  case  of 
rocket  propellant,  we  should  expect  very  high  specific  impulses 
during  the  interaction  of  boron  hydride  with  fluorine  oxide  or 
watnr.  Since  boron  hydride  is  a  propellant  which  reacts  with 
wate^  t  is  particularly  explosive  upon  contact  with  moist  air 
or  tra-  •  of  moisture  [96]. 

It  is  interesting  to  compare  the  energy  released  by  boron 
with  the  energy  released  by  other  propellants.  In  the  burning 
of  1  m^  of  boron  32,075,^75  kcal  is  given  off;  in  the  burning 
of  the  same  amount  of  kerosene  8,  ^19 ,  tiOD  .kcal  is  released,  and 
with  the  burning  of  the  same  amount  of  gasoline  this  figure  is 
7,031,000  kcal  [96],  Boron-containing  propellants  have  a  heat 
release  per  1  kg  which  is  twice  as  great  as  the  best  hydrocarbon 
propellant.  These  propellants  usually  are  obtained  as  a  result 
of  the  reaction  of  lithium  hydride  with  boron  trifluoride  or 
boron  trichloride.  As  a  result  of  such  reactions,  modified  in 
any  manner,  we  can  obtain  diborane  BgHg,  pentaborane  ,  and 
decaborane  B^H^. 

§  5.  Lithium 

Lithium  is  a  silver-white  metal  and,  like  sodium  and 
potassium,  very  soft.  The  physical  properties  of  lithium  are 
presented  in  Table  8.  For  comparison,  the  properties  of  other 
alkali  metals  -  sodium,  potassium,  rubidium,  cesium  -  are  also 
presented  [12,  52,  96,  97]. 
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Table  8.  Basic  physical  properties  of  alkali  metals 
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Lithium  belongs  to  the  group  of  metals  which  are  most 
active  chemically.  The  chemical  activity  of  alkali  metals 
increases  from  lithium  to  cesium.  During  combustion  lithium 
gives  the  oxide  LiOg,  which  is  a  stable  compound,  however,  it 
easily  reacts  with  water  and  carbon  dioxide.  Only  one  lithium 
peroxide  is  known,  that  having  the  composition  Li^O^  Below 
are  presented  the  physical  properties  of  lithium  oxides: 


•5 

Density,  g/cm J 


T  ,  °C 

nil  ’ 

T  ,  °C 
k  m  n  * 

Heat  of  formation, 
kcal/mole 

Heat  capacity,  kcal/mole 


Li20 

2.013 

1427 

1427 

-142.4 

0.024 


Li202 

2.297 

425 


-151.7 


As  an  extremely  active  metal,  lithium  decomposes  water  and 
is  capable  of  forming  chemical  compounds  with  nitrogen,  carbon, 
sulfur,  phosphorus,  hydrogen,  etc.  The  hydrogen  compound  of 
lithium  -  LiH  hydride  -  is  a  solid  white  crystalline  mass  which 

■3 

forms  with  a  flash  and  has  a  density  of  0.775  g/cm  .  This 
compound  melts  at  688°C  and  at  this  temperature  has  a  vapor 
pressure  of  27  mm  Hg.  The  formation  of  crystalline  LiH  occurs 
with  heat  release  (21.59  kcal/mole). 

Lithium  hydride  is  very  reactive.  It  easily  reduces  oxides, 
chlorides,  and  sulfides. 


Deal  and  Svee  [98]  studied  the  manometric  method  of  oxidation 
under  the  effect  of  water  vapor  at  a  pressure  of  22-25  mm  Hg  in 
the  temperature  range  45-75°C.  The  oxide  layer  consisted  of 
L10H .  Oxidation  rate  was  subject  to  logarithmetic  law: 


A'.i  >■«  /•  loud  !- if  iV), 


where  t  Is  time,  hours;  k  is  the  oxidation  rate  constant. 


(1.13) 


In  the  studied  range  the  rate  emmit&nb  remained  independent 
of  the  water  vapor  pressure.  The  activation  energy  of  the 
reaction  was  ^6  Real /mol© .  An  X-ray  study  did  net  clarify  the 
crystalline  nature  of  LiOH  forming  In  the  initial  stage  of  th© 
interaction. 

According  to  the  data  of  Aswan  (cited  in  [99]) »  in  the 
formation  of  solid  solution  or  hl-Al  the  solubility  of  lithium 
in  aluminum  is  3 . at  the  melting  point  of  aluminum  and  2.2# 
at  room  temperature.  The  effect  of  small  amounts  of  lithium 
on  the  physical  properties  of  aluminum  or  alloys  enriched  with 
it  is  very  similar  to  that  which  occurs  with  magnesium.  However, 
in  view  of  the  lower  equivalent  weight  of  lithium  for  achieving 
the  same  effect  with  respect  to  the  physical  properties  of  the 
alloy,  lithium  is  added  in  smalls"  quantifies  than  magnesium, ' 
Lithium  with  aluminum  forms  the  compound  which  melts 

at  598°G  [99  ,  100], 

§  6.  Magnesium 

0 

Magnesium  crystallizes  in  a  hexagonal  lattice  (a  i. 2  A, 

O 

c  -  5.2  A);  there  are  no  ailotropic  trans formations .  The 
principal  physical  constants  of  magnesium  are  presented  below: 


Atomic  weight 
Den.ity,  g/cmJ 


Latent  heat  of  fusion,  cal/g 
Latent  heat  of  evaporation,  oal/g 

*i  ** 

Specific  heat  capacity,  cal‘g~  •deg"’1 

-1  -1 

Heat  conductivity,  cal* cm  *s  -deg 


Coefficient  of  linear  expansion, 
deg”^ 


2*1 . 312 
1 .  7*i(20°C) 

651 

1103 

82.2 

1337 

0 . 25 ( 20°C) 

0. 376(0-]00°C) 
0. 35(101-250°C) 
27. 3(0-l60°C) 
39.6(*J55-600°C) 
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Tint  belli  ins  P^.nt  of  in  vacuum  U  nun  H$)  is  $oW, 

Notiuoablo  evaporation  of  maamniiuiii  bogina  around  600*0}  for  tho 
variation  in  vapor  proaoure  of  «©Uti  ntagnaglum  with  temperature 
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the  fallowing  relation  iu  found i 


H  ¥  »  -  -sp  4-  sw.M  f  4  a»?,  ( 5u  i  H ) 

The  vapor  proa  aura  ©f  inagneaium  above  its  malting  point  has  the 
following  value  Uo,  Idiji 

r*  °0  ?p  BOO  990  900  950  1000 

Vapor  ppoanuru  of 

magnesium*  nun  tig  !<?  $5  Hp  pH  166  at)0 


The  electric  eonduuti vlty  of  magnesium  is  30,u#  of  the  electric 
conductivity  of  copper,  With  recalculation,  taking  into  account 
density,  it  la  found  that  with  the  sam»  weight  magnesium  haa  an 
electric  conductivity  which  is  aimoa t  twiae  as  great  ua  the 


electric  conductivity  of 
of  magnesium  la  33, 8*  W* 


« op pe  r  U  9  7  « ) »  'l'he  elect  ri  o  c  on du «  t i vi  t y 
d'*1 ' on"1  at  0*0  ami  iMWO*1  at 


*IG0QG, 


The  oxidation  of  magnesium  to  MgQ  occurs  with  the  release 
of  a  considerable  amount  of  heat  ClH5,7<>  kcal/mole) »  which  is 
the  reason  for  the  high  strength  of  this  compound  which  ,1a  very 
stable  during  heating  to  high  temperatures,  The  variation  in 
density  of  magnesium  oxide  as  a  function  of  the  annealing 


\ 


temperature  indiaatea  the  complex  phenomena  of  polymerisation 
whiuh  occur  at  this  tlma,  The  density  of  magnesium  oxide  after 
annealing  at  3J50QG  is  3..1933  g/oin^,  and  after  molting  in  an  , 
electric  furnace  is  S.6§H  g/cm^,  while  ordinary  commercial 
magnesium  oxide  has  a  density  of  3,07-3,2  e/om^, 

The  melting  point  of  M&Q  is  SfBQO^Gj  above  this  temperature 
severe  evaporation  of  magnesium  oxide  is  observed.  The  boiling 
point  of  MgO,  determined  in  inert  gas  Hl63»  lies  around  3$0Q°0, 
The  heat  of  fusion  for  MgO  is  300  kcal/mole, 

Hi 


All  1900°Q  magnesium  in  vaquum  aisaaciubea  with  th« 

aubUm&Uan  af  mctulUa  magnesium. 

With  wspcwfc  \m  the  problem  of  refusing  magnesium  &xid« 
with  aarban*  vra  u&n  take  uho  fallowing  threw  aa@umptii.Qna  aa  a 
basis i 

1)  the  raaevien  MgP  ♦  e  *  Mg  +  QO  ati  very  high  temperatures 
moves  be  the  right,  ami  at  low  temperatures  in  the  apposite 
dlrSStlaUl 

8)  Me  reduction  of  magnesium  oxide  with  carbon  at i  Ip^Q 
assure  vary  slowly  and  becomes  noticeable  at  3030®<?i 

3)  magnesium  oxide  is  reduced  more  vigorous  iy  by  carbides 
',un  by  pure  carbon  [533, 

Alv  «?8Q0°G  .i  u  finely  pulverised  mixture  of  magnesium  oxide 
with  carbon,  mixed  in  a  stoichiometric  ratio*  up  to  00#  of  the 
oxide  ia  reduced  bo  magnesium  which  evaporates, 

.In  dry  air  or  oxygen  there  la  fanned  an  the  magnesium  the 

Q 

ordinary  oxide  MgO  with  a  cubic  lattice  (a  «  t . 3  A),  The 
thickness  of  the  oxide  film  farming  in  the  first  at age  oar 
reach  ?0  a  [1033*  hut  the  presence  of  mineral  oil  reduces  the 
oxidation  rate. 

At  high  temperatures  not  exceeding  1|JS00C*  in  dry  oxygen  and 
at  temperatures  below  380*0  in  moist  oxygen  the  oxide  film 
preserves  for  a  long  time  (at  least  up  to  3QQ  hours)  its  protective 
capacity,  ensuring  an  approximately  parabolic  oxidation  rate 
[7,  1033.'  The  thickening  of  the  film  at  high  temperatures 
leads  to  a  loss  of  Its  protective  capacity,  due  to  which  the 
oxidation  proceeds  according  to  linear  law.  A®  established 


by  boonto&g  and  fthlnes  [lu<0,  In  the  range  475-S75*,0’:'t}U©  eons  twits 
of  the  Ilium  oxidation  of  magnesium  anti  oxygen  (ft  **  1  Atm)  ,v  ,  .: 

are  uharaoteriNad  toy  the following  equation 

'  ■*.’...'  m  ;  »n.  ,-..*•  •• 

-  .  t  ■  .  •.  •  ■  %  ■ 

.  ,.  -tf  «*vi,MWo\n (<- an v«}4 tiff,  jj/onf  m ♦ (.1.15) 

For  oxidation  in  alt*  at  tQQ«-600#G  -.Hokelkln  [1053  obtained  the 
following  equation  alaot 

g/om^a.  (I, 16) 

Although  the  erapirleal  valuta  of  aotivation  energy  differ 
considerably ,  the  actual  oxidation  rate  remains  almost;  constant 
in  the  temperature  range  covex’ed. 

The  effect  of  such  elements  as  nicmel,  bismuth,  isino ,  silver, 
copper,  tin,  lead,  antimony,  Indium,  aluminum  and  uobalt  on  the 
ignition  of  solid  magnesium  in  dry  oxygen  was  studied  by  Fatjsell, 
Gullwanaem,  Lewis,  and  Hamilton  [106].  In  a  concentration  up 
to  several  percent  all  those  metals  reduce  the  ignition  temperature; 

For  example,  aluminum  06.7)0  lowers  the  Ignition  temperature 
from  623°  to  5Q3°C  at  atmospheric  oxygen  pressure.  On  the  basis 
of  their  experiments ,  the  authors  have  made  the  assumption  that 
the  ignition  temperature  must  be  inversely  proportional  to  the 
(linear)  oxidation  rate  of  magnesium  alloys. 

Beryllium  in  small  concentrations  (Q,0Q2$)  quite  effectively 
increases  the  ignition  temper  at  we,  of  magnesium  in  air  [107,  100],  • 

This  effect  is  due  to  the  formation  of  a  protective  film.  As 
shown  on  the  basis  of  spectrograph! o  studies  by  Kell  [1091, 
at  first  the  beryllium  is  largely  oxidised  and  because  of  this 
the  volume  ratio  increases.  Furthermore*  very  small  additions 
of  beryllium  reduce  the  oxidation  rate  very  effectively  for 
magnesium  alloys  with  aluminum  [110,  111], 

[  •  ■  .  '  "  .  " 
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The  oxidation  of  magnesium  under  the  effect  of  water  vapor 
at  a  pressure  of  31-308  nun  Hg  and  temperatures  of  425-575° C 
was  studied  by  Svoo  and  Gib'  a  -[112].  It  was  found  that  the  , 
oxidation  rate  changes  linearly  and  that  under  all  conditions 
the  only  oxide  which  forma  is  MgO.  Those  peculiarities  are"' 
determined  by  the  high  vapor  pressure  of  magnesium  at  temperatures 
above  J>OQ0C  and  the  porosity  of  magnesium  oxide.  At  425-5G0°C 
in  the  entire  pressure  range  studied,  the  reaction  develops  on 
the  metal  surface  itself  or  directly  by  it.- 

It  is  interesting  to  note  that  the  oxidation  rate  of 
magnesium  in  moist  oxygen,  as  established  by  Teres h  [8],  is 
less  by  a  factor  of  2  than  in  an  air  atmosphere.  This  can  be 
attributed  to  the  formation  of  hydroxide  which  has  a  large 
volume  ratio  as  compared  with  magnesium  oxide  MgO  although  Gibbs 
and  Svec  [112]  do  not  name  magnesium  hydroxide  among  the  products 
of  oxidation  under  the  action  of  water  vapor.  .  .. 

The ■ critical  magnesium  ignition  temperature  remains 
approximately  the  same  ('v625°C)  both  in  water  vapor  and  in 
hydrogen  peroxide.  The  same  thing  applies  to  magnesium  with 
various  aluminum  additives  [110]. 
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CHAPTER  II. 


METHODS  OF  STUDYING  THE  BURNING 
AND  IGNITION  OF:  METALS 


To  study  the  .burning  and  ignition  of  metals  a  wide  range 
of  physical  and  chemical  methods  are  used:  determining  the 
brightness,  of  the  particle  track  using  photographic  or  photoelectric 
instruments;  performing  spectroscopic  analysis  of  the  flame;' 
effecting  mass  spectrometric,  chemical,.,  and  X-ray  analysis  o.f 
the  combustion  products;  determining  the  degree  of" burn-up 
according  to  the  electrical  resistance,  of  strips  and  rods; 
making  visual  observations;  filming  the  burning  process  with 
ordinary  and. shadow  photography;  using  rapid  extinguishment; 
performing  studies  with  optical  or  electron  microscopes;  etc. 

Because  of  the  high  exothermicity  and,  consequently,  the  high 
burning 'temperature  of  metals,  the  considerable  burning  .rate 
(up  to  several  tens  of  centimeters  per  second),  the  accumulation 
of  condensed . combustion  products  on  the  burning  surface,  condi¬ 
tions  are  very  unfavorable  for  an  experiment  in  which  elements 
of  the  burning  process  itself  are  studied.  v"  , ' 


Since  powdered  metals  have  become  widely  used  in  modern 
rocketry,  from  the  practical  and  theoretical  point  of  view, 
the  best  information  can  be  obtained  by  studying  the  burning 
of  metal  products.  At  the  present  time,  a  number  of  experimental 
-methods  have  been  developed  which  enable  us  to  determine  the 
effect  of  the  metal  particle  size,  the  heating  rate  of  the  particles, 
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and. the  composition  of  the  ambient  medium  on  the  ignition  delay 
time  and  the  burning  rate  of  the  metal  particles.  : 

;§  1.  Methods  for  Studying  the  Low- 
Temperature  Oxidation  of  Metals, 

For  metals  used  in  solid  propellants,  high  reactivity  is 
characteristic.  Under  normal-  conditions,  the  surface  of  the 
metal  is  protected  by  a  layer  of . oxide .  The  combustibility  of  the 
metals  and  the  conditions  which  lead  to  ignition,  to  a  consider-, 
able  extent,  are  determined  by  the  nature  of  this  oxide.  The 
most  comprehensive  research  in  this  area  has  been  performed. by 
Gulbransen  [7].  Five  reactions  are  basic  in  a  study  of  the 
low-temperature  oxidation  of  metal.. 


(degasification  of  the  metal),  (1) 

•  l-y°r'-*AJNov  r9  (oxidation) ,  (2) 

rn "H 2/Uvl. ^Mt,, -}•  yWsO,  (reduction  by  hydrogen),  (3) 

Mx°t/, y„-l- (decarbonization  reaction),  (4) 

M>n„.  i  (evaporation).  (5) 


In  the  above  equations  M  is  metal:  M  and  M  are  the 

T  b  r 

solid  and  gaseous  states  of  the  substance.  The  formation  rate 
of  the  oxide  film  is  generally  determined  by  the  reaction  (2). 
The  presence  or  absence  of  gas  in  the  metal  can  not  only  affect 
the  oxidation  rate  but  can  also  be  a  problem  during  measurement. 
This  gas  can  be  removed  by  heating  the  metal  in  a  high  vacuum 
according  to  reaction  (1).  The  oxidation  of  metals  or  alloys 
free  of  oxide  film  can  be  studied  if  the  metal  oxides  can  be 
reduced  in  reaction  ( 3)  with  hydrogen  or  removed  by  deoarbonlza- 
tlon  (reaction  t).  Reaction  (5)  makes  it  possible  to  judge  the 
volatility  of  the  oxide. 

Generally  the  three  methods  which  are  the  most  useful  in 
studying  the  kinetic  regularities  of  the  formation  of  the  thin 
oxide  film  are  the  following:  the  polarimetric  method,  the 


differential  pressure  method  developed  by  Cambell  'and  Thomas 
[113] ,  and  the  method  of  measuring  the  weight  of  the  specimen 
during  oxidation  on  sensitive  quartz  microscales  placed  in  the 
vacuum  system..  The  last  method  enables  us  to  carry' out  a 
continuous  study  of- the  process  of  metal  oxidation  in  a  wide 
temperature  and  pressure  range.  The  diagram  of  the  installation 
.presented  in  reference  [73  is  shown  on  Pig.  15.  Variation  in 
specimen  weight  during  oxidation  is  recorded  with  a  micrometric 
optical  tube.  Preparation  for  the  test  includes  the  creation 
of  a,  pressure '  of  1.0  mm  H.g,  degasification  of  the  system,  and 
the  reduction  of  the  initial  oxide  film  by  hydrogen  or  carbon. 

The  scales,  along  with  a  heater  in  the  form  of  a  tube,  are  placed 
in  a  closed  glass  vessel.  The  accuracy  of  weight  measurement  is 
,0.3  x  10”  g  with  very  low.  sensitivity  to  pressure  and • temperature 
variation.  ■  . .  .  . . . . 


The  instrument  can  be  filled  with  any  gas  at  a  pressure 
below  1  atm.  The  .h.eating  coil  must  be  noninductive ;  the  inner 
part  of  the  heater  was  made  in  the  form  of  a  heavy  block  of 
stainless  steel  fully  covering  the  lower  part  of  the  experimental 
tube.  All  operations,  for  example,  degasification  and  reduction 
of  the  initial  oxide  film,  were  performed  directly  on  the. 
scales.  Specimens  were  prepared  from  thin  metal  plates  approxi- 
mately  0.13  mm  thick  for  substances  with  a  density  of  •  7-9  g/cnr 
and  0.26  mm  thick  for  lighter  materials.  The  plates  weighing. 
0.684  g  had  a  surface  within  10-12  cm  .  Using  this  method, 
Gulbransen  studied  the  oxidation  of  molybdenum,  tungsten,  iron,',  . 
aluminum,  and  magnesium: at  400° C.  The  oxygen  pressure  in  the . 
experiment  was  usually  76  mm  Hg,  except  for  the  experiments 
with  magnesium  where  oxygen  pressure  was  20  ran  Hg.  A  detailed 
description  of  the  installation,  operation,  and  preparation 
of  the  high-sensitivity-  scale  can  be  found  in  the’ monograph  1114]. 


Pig. ,15. 


Fig.  16. 


Fig.  15.  Installation  for  studying  the  oxidation  of  metals  by  the 
weight  method.  1  Quartz  spring;  2  -*  quartz  filament;  3  -  thermo¬ 
couple  contacts;  4  -  platinum  filament;  5  ~  water  cooling;  6  - 
specimen;  7  -  electric  heater;  8  -  inlet  for  oxidizing  reagents; 

9  -  platinum  filaments;  10  -  inlet  for  neutral  gases;  11  -  specimen 
heat  regulator;  12  -  thermocouple  contacts;  13  -  outlet  to  diffu¬ 
sion  pump;  14  -  cathetometer ;  .15  -  insulator  of  pressed  MgO  powder. 

Fig.  16.  Installation  for  a  per-weight  determination  of  oxidation 
rate  at  an  oxygen  pressure  below  40  atm.  1  -  Drum;  2  -  opening 
for  installing  and  moving  drum;  3  -  lift  mechanism;  .4  gold  chain; 
5  -  quartz  spring;  6  -  observation  port;  7  -  microscope;  8'  - 
cathetometer;  9  -  opening  for  introducing  the  specimen  to  the 
heater;  10  -  platinum- rhodium  wire;  11  -  electric  and  thermocouple 
contacts;  12  -  gland;  13  -  specimen;  14  -  'peat  insulation;  15  - 
heater;  16  -  steel  hermetically  sealed  casing. 
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Dignam  and  colleagues  [115]  studied  tho  growth  of  the 
amorphous  oxidized  film  in  the  454-6Ql°C  range  for  a  specimen- of 
ultrapure  aluminum  whose  surface  was  obtained  by  electrolytic 
polishing  with,  the  aid  of  a  mlcrobalance  (see  Pig.  15)  .  The." 
installation  generally  consists  of  a  vacuum  microbalance  with  7 
automatic  recording  and  a  heating  of  quartz  tubing1  attached  to  ’ 
the  basic  system  with  metal  rings.  The  specimen,  suspended  in  . 
the  balance  with  platinum  wire,  can  be  introduced  to  the  heater  zone 
at  any  moment.  ,The  vacuum  system  consisting  of  three  pumps  -  •  an 
oil  pump,  diffusion  pump,  and  rotation  pump  -  enabled  us >to 
obtain  a.  pressure  of  10“^  mm  Hg.  Temperature  was  measured  by 
a  .thermocouple  within  0.1PC.  The  reading  ;of  the-sensitive 
scale  of  the  balance  100*10~  could  be  performed  within  10”’  g. 

A  difference  in  weight  up  to  5  mg  between  the  two  arms  of  the 
balance,. could  be  compensated  by  changing  the  tension  of  the 
torsion  wire  on  which  the  rocker  of'  the  balance  was  suspended. 

This  made  it  possible  to  take  measurements  according  to  the 
most  sensitive  scale  during  the  entire  experiment.  Gas  of  the 


necessary  composition  was  introduced  through  a  system  of  valves. 

For  a  low-temperature  study  of  metal  oxidation  at  high  pressures 
the  installation  of  Mac  Kuen  and  Fassell  [116,  117]  can  be  used 
(Fig.  16)  for  a  per-weight  determination  of  oxidation  rate  at 
oxygen  pres  surd;',  up  to  40  atm.  A  heater'with  a  michrome  winding 
is  mounted  inside  a  steel  hermetically  sealed  easing  with  a 
flange  at  the  top.  Contact  for  the  thermocouple  and  the  electric 
current  is  made  through  gland  12.  The  specimen  13  is  suspended 
on  a  quartz  hook  attacked  to  k  suspension  of  platinum-rhodium 
wire,  which  is  connected  with  a  quartz  spring  5,  and  a  gold  chain  4. 
The  specimen  is  raised  and  lowered  with  a  hand  wheel.  On  the 
shaft  of  this  wheel,  which  passes  through  'gland  3>  inside  the 
installation  1b  mounted  a  drum  of  stainless  steel  1,  on  which 


a  gold  chain  is  wound.  If  the  step  of  the  winding  on  the  drum, 
is  identical  to  the  step  of  the  screw  at  the  end  of  the  gland, 
during  the  lifting  and  lowering  of  the  specimen  and  the  suspension 
there  will  be  no  horizontal  displacement.  The  specimen  is 
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introduced  to  the  heater  and  removed  from  it5  through  opening  9. 
The  extension  of  the  quartz  spring  during  specimen  oxidation  is 
determined  with  the  microscope  7  and  the  cathetometer  8,  which 
are  rigidly  mounted  on  the  casing  of  the  heater,  through  observa¬ 
tion  port  6.  The  heater  is  connected  with  a  vacuum  pump  and 
a  source  of  oxygen  supply,  which  was  dried  by  activated  aluminum 
oxide.  Pressure  below  atmospheric  was  measured  by  a  mercury 
pressure  gauge;  pressure  above  atmospheric  was  measured  by  a 
pressure  gauge  with  an  arrow. 

In  the  latter  version  of  this  installation  the  heater  was 
charged  from  below  and  the  leads  for  the  thermocouple  and  the 
power  supply  were  connected  to  special  small  fixtures. 

At  a  pressure  somewhat  above  20  atm  serious  difficulties 
are  encountered  with  the  heat  insulation,  apparently  beoause  of 
the  increasing  thermal  conductivity  of  the  oxygen.  At  a  pressure 
around  40  atm  it  is  Important  to  provide  external  water  cooling 
for  the  heater  casing. 

Boggio  and  Plumb  [118]  used  the  method  of  measuring  the 
rate  of  increase  in  the  aluminum  oxide  film  at  room  temperature, 
based  on  the  relationship  between  film  thickness  and  the 
reflectivity  of  the  surface.  Aluminum  films  were  obtained  by 
evaporating  aluminum  In  a  high-vacuum  system  at  a  pressure  of 

Q 

10"  mm  Kg,  which  had  an  optical  window  for  observing  the 
scattering  cf  rays  at  80°.  This  method  made  it  possible  to 
obtain  a  film  of  aluminum  with  minimum  porosity  and  roughness. 
The  ©llipticity  and  slope  of  the  ellipsoid  during  the  reflection 

o 

of  linearly  polarized  light  with  a  wavelength  of  5^61  A  from  the 
metal  film  were  measured.  The  optical  constants  of  pure  aluminum 

„Q 

at  a  pressure  of  10  torr  were  determined  beforehand.  Oxidation 
occurred  in  a  dry  air  atmosphere  in  the  pressure  range 


50 


rruxTTMFp TOBW WNB  * 


—6 

6  x  10“  -  337  torr.  The  thickness  and  optical  properties  of  the 

film  can  be  calculated  from  the  ellipticity  of  the  deviation  of 
reflected  light  [1193  on  the  assumption  that  the  film  which  is 
forming  has  a  uniform  structure.  Optical  methods  for  the  high- 
temperature  oxidation  of  metals  were  used  in  references  [120,  121], 
Smeltzer  [112]  studied  the  oxidation  of  aluminum  in  the  range 
400-600°C  using  Gulbransen’s  method  [73 •  The  specimens  before 
testing  were  carefully  degased  in  a  vacuum  of  10“^  torr  at  room 
temperature  for  5  hours  and  then  at  500°C  for  30  minutes. 

Aluminum  containing  only  about  0.002 %  impurities  can  be  obtained 
with  this  method.  The  formation  of  a  film  of  aluminum  oxide 
was  studied  as  a  function  of  time  and  temperature  at  an  oxygen 
pressure  of  76  mm  Hg.  This  pressure  was  selected  because  the 
oxidation  rate,  in  this  case,  does  not  depend  on  pressure  [7]. 

In  the  first  series  of  tests,  before  the  oxygen  was  fed 
to  the  system,  tne  specimens  were  hardened  in  vacuum  for  3  minutes 
at  500°C;  in  the  second  series  of  tests  this  was  done  at  600°C  for 
an  hour. 

Cochran  and  Sleppy  [1233  studied  the  oxidation  of  chemically 
polished  high-purity  aluminum  and  aluminum-magnesium  alloy 
(97.5/2.5)  in  dry  oxygen,  water  vapor,  and  moist  air  in  the 
range  450-6 40 °C.  The  following  two  methods  were  used;  the  first  - 

a  recording  of  the  weight  variation  in  the  sample  on  the  self- 
recording  mlcrobalanoe  [1233 J  the  second  -  the  recording  of  the 
oxygen  pressure  variation  during  the  oxidation  of  the  metal  with 
constant  volume  [113].  The  microbalance  method  is  the  same,  in 
principle,  as  the  above  method  if  we  do  not  take  into  account 
the  automatic  recording  of  the  measurement  process.  We  shall 
pause  briefly  on  the  second  method. 
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Fig.  17*  Manometric  method 
of  measuring  the  oxidation  of 
metals.  1’ -  Furnace;  2  - 
compensation  test’ tube;  3  - 
reaction  test  tube;  ^  -  stan¬ 
dard  volumes;  5  -  pressure 
gauge;  T^-Tg  -  thermocouples. 


The  manometric  apparatus  is  presented  in  Fig.  17.  Two 
identical  quartz  test  tubes  were  mounted  inside  an  electric 
furnace.  One  of  the  tubes  contained  a  sample  of  the  metal; 
the  other  was  used-  to  compensate  the  pressure  variation  which 
resulted  from  the  temperature  variation  of  the  furnace.  An 
oil  pressure  gauge  located  at  a  60°  angle  to  horizontal  was 
used  to  measure  pressure.  In  the  test  tube,  after  air  removal 

■3 

and  degasification,  200  mmJ  of  dry  oxygen  was  fed  through  the 
valve  Spjj  then  the  valve  was  rapidly  shut  off.  The  test  lasted 
100  minutes.  During  the  experiment  the  temperature  of  the 
furnace  was  kept  constant  within  ±1°C.  The  nonuniformity  In 
specimen  heating,  which  was  due  to  the  fact  that  part  of  the 
test  tube  projected  from  the  furnace,  did  not  exceed  ±7°C. 

The  system  has  the  capability  of  measuring  gas  pressure  by  a 
mercury  pressure  gauge  at  the  moment  of  oxygen  admission  since 
it  can  be  assumed  that  it  is  exactly  in  this  initial  period 
that  vigorous  oxidation  of  the  exposed  surfaoe  of  aluminum  or 
its  alloy  occurs.  However,  the  first  tests  indicated  that  this 
was  not  so.  In  our  opinion,  the  latter  method  is  considerably 
Inferior  in  sensitivity  to  the  method  of  the  vacuum  microbalanoe 
but  has  enviable  simplicity  and  the  possibility  of  performing 
studies  at  high  temperatures  (up  to  1500°C),  In  reference  [58] 
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Sleppy  studied  the  oxidation  of  melted  aluminum  at  660-850°C 
in  a  dry  oxygen  atmosphere,  using  the  method  described  above 
but  introducing  certain  variations  of  his  own. 


The  essential  change  was  to  add  standard  volumes  with  a 
capacity  of  8.3  ml.  Before  a  test  the  standard  volumes  were 
filled  with  dry  oxygen  at  atmospheric  pressure,  while  the 
remaining  system  underwent  degasification  for  several  hours. 

After  the  furnace  was  heated  to  a  certain  temperature  and 
thermal  equilibrium  was  achieved,  valves  and  were  closed 
and  Sg  was  opened,  as  a  result  of  which  the  oxygen  filled  the 
control  (compensation)  test  tube  and  both  arms  of  the  differential 
oil  pressure  gauge.  Then  valve  Sg  was  turned  so  as  to  disconnect 
the  reaction  and  control  volumes  and  the  corresponding  arms  of  the 
pressure  gauge  from  each  other.  The  beginning  of  the  oxidation 
reaction  was  considered  to  be  the  moment  that  valve  Sj  opened, 
when  the  oxygen  from  the  second  standard  volume  was  fed  to  the 
reaction  test  tube.  The  recording  of  differences  in  the  levels 
in  the  arms  of  the  pressure  gauge  was  done  by  periodically 
opening  the  valve  S^.  It  is  recommended  that  this  procedure 
be  accomplished  with  the  maximum  possible  speed. 


It  was  rather  simple  to  process  the  obtained  results. 

The  amount  of  oxygen  which  had  reacted  with  the  metal  is  propor¬ 
tional  to  the  change  in  specimen  weight  due  to  the  formation  of 
the  oxide  film  and  can  be  found  from  the  following  equation: 
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here  p  la  the  oil  density  of  the  pressure  (pug© ,  g/mlj  Pq  in  the 
gas  pressure ,  mm  Hgj  r  is  the  radius  of  r,h»  oaplUary  of  the  preauure 
gauge,  cm;  AW  is  the  weight  of  the  reaoted  oxygon »  pgj  h  is  the 
reading  of  the  difference  In  the  oil  levels  In  the  pressure  gauge, 
mm  Hg;  T.  is  the  tomperaUu-  •  of  the  furnace,  °Kj  V,j  la  the  volume 
of  the  test  tube  when  (m2)  at  temperature  la  the  temperature 

of  the  supply  pipe  outside  the  electric  furnace. 

The  first  term  in  equation  (11.1)  takes  into  account  the 
oxygen  pressure  variation  during  the  formation  of  the  oxide 
film;  the  second  introduces  the  corrections  which  ooour  due  to 
the  rising  and  lowering  of  the  oil  in  the  arms  of  the  pressure 
gauge  and  the  nonuni formi ties  of  the  change  in  volume  of  the  test 
tubes  themselves  during  a  temperature  increase. 


The  sum  Z ( /T^ )  was  evaluated  by  two  methods:  the  volumes 

were  directly  measured  as  a  function  of  temperature  along  the 
test  tubes  or  the  pressure  PQ  was  measured  and  the  sum  ^(V^T^) 
was  found  from  expression 


r(,r,  v  i't 


(n.a) 


where  NQ  is  the  Initial  number  of  moles  of  oxygen  in  •>  ie  standard 
volume;  V,  is  the  volume  of  the  standard  vessel  (m2)  connected 
with  the  reaction  test  tubes;  Pc  is  the  pressure  of  moles  of 
oxygen  (mm  Hg)  enclosed  in  the  volume  of  the  reaction  teat  tube 
and  the  standard  vessel;  R  is  the  gas  constant. 


Usually  at  a  temperature  of  600°C,  =  2.03  and  Kg  -  0.7^6* 

In  developing  a  method  for  studying  low-temperature  oxidation 
of  metals  by  recording  the  variation  in  oxygen  content  in  a 
closed  volume,  the  reaction  test  tube  should  usually  be  connected 
with  a  large  tank.  The  pressure  variation  in  the  installation 
is  recorded  better  with  a  capillary  tube  into  which  a  drop  of 
mercury  or  diethyl  phthalate  is  Introduced  [124].  All  equipment 
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nuuUi  b©  thPpmofitabiu,  i’hie  muthurt  t*  prwfuprwd  when  studying  thw 
rouutiun  of  m atai@  with  pur©  gugos, 

Thu  raaubion  uapauity  of  bhu  spttelnufirte  uan  ala®  te§  judgafl 
by  detoinnining,  with  the  uao  ©f  gas  ahr©mat©fijraphy,  tM  oxygun 
©ontsent  before  and  after  &  teat,  in  this  version  it  is  nab 
nsbsasary  to  us©  a  pressure  gauge  beuaua©  it  will  intvailuue  error 
into  the  measurement 'oesauaa  of  the  ehange  in  volume  during  the 
teat  U8S3« 

i 

If  reaction  products  form  in  a  gaseous  state,  the  kineti.ee 
of  the  reaction  rate  ar®  determined  by  the  ©hang©  in  the  diameter 
of  the  metal  a  nee  linen  with  the  use  of  a  eathet  emote  r,  This  method 
was  used  successfully  in  a  study  or  the  oxidation  of  tungsten 
up  to  30Q0OQ  [12b,  13?  3 « 

The  following  methods  oan  also  be  used  in  studying  high- 
temperature  oxidation  of  metals \  measurement  of  the  decrease  in 
electric  conductivity  due  to  the  change  in  the  cross  section  of 
the  metal  during  oxidation j  measurement  of  the  electric  potential 
of  the  oxide  filmj  chemical  analysis  of  the  specimen  after  teats j 
etc,  [1283 » 

Quarts  or  oernmio  tubes  are  usually  used  as  the  , reaction 
vessels,  Quarts  la  used  up  to  15QQ-lC>00QCi  oerundum  is  used 
up  to  18QQ-190QQG  under  the  condition  that  heating  and  pooling  of 
the  reaction  vessels  are  performed  gradually.  Materials  from  the 
oxides  of  magnesium,  siroonium,  and  thorium  can  be  used  up  to 
very  high  temperatures,  250Q™3QQQqG»  but  should  be  carefully 
protected  from  abrupt  variations  in  temperature,  At  low  pressures 
end  high  temperatures,  from  the  walls  of  the  tubes  there  odours 
an  evaporation  of  oxides,  for  example,  S1Q  and  A1Q,  which  leads 
to  contamination  of  the  studied  specimens,  and  the  presence  of 
water  vapor  intensifies  this  process, 
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lfi((h»toiNpdpatiuw  furnaaea  «an  be  heated  by  bleobMe  nurrunfe, 
by  Uia  induaMnn  mubhnd,  by  Hob  $aaas,  A  fuwmea  whoso  heating 
aiamanfe  4»  a  wins  uf  » i u ha i«  oh rami urn* a l u«U mini  (tantalum)  alloy 
aan  tow  used  4n  an  air  atmusphure  up  tu>  l|QQ®d*  J:f  a  platinum* 
jphSKlium  (4QI  rhadivun)  wire  te  uaad,  the  temparature  ranga  ean  bo 
expanded  bo  l$0tt°Q  pi],  although  at  high  temperatures  auoh 
furnaeaa  operate  for  a  .UmMnnt  psrlad  of  time  heeauaa  of  the 
@vaporatit>  of  the  heating  element «  A  wire  of  a  an  he  used 
■in  oxidising  atmoapherea  up  to  j?oo®6. 


Pig,  l A ,  Heverbepabory  arc 
fupnaeea.  4  *  Aroj  2  «  specimen i 
1  -  elliptical  mirror)  A  «  para* 
belie  mirror)  S  »  lenaoa , 


Molybdenum  or  tungsten  wire  o^n  be  wound  directly  on  n  tube 
o‘  Al,,Q„  and,  under  the  condition  that  the  heating  element  la 

t?  ,3 

nrotacted  from  the  oxygen  atmosphere  (usually  they  are  placed  In 
high  vacuum  or  an  Inert  atmosphere),  such  a  heating  device  can 
be  used  up  to  1  C$0 0 ~  1 9 0 0 0 K «  The  same  precautions  should  be  taken 
if  tantalum  tubes  or  rods -are  used  as  heating  elements  because 
of  tantalum’s  high  affinity  to  oxygen  [113. 

High  heating  temperature  can  also  be  achieved  using  reverbera¬ 
tory  arc  furnaces  [18,  lib,  117].  In  a  reverberatory  arc  furnace 
the  image  of  the  sources,  usually  a  carbon  arc,  is  focused  on  the 
surface  of  the  specimen,  as  shown  in  Pig.  18.  With  this  method 
temperatures  of  lA00-l600oC  are  achieved,  and  the  maximum  possible 
temperatures  which  can  be  obtained  lie  in  the  range  32Q0-3?00°G 
[22,  233. 
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Any  reaubinna  or  aantawinatiionei  of  the  me?bul  spaaiman  during 
the  heading  period  (several  miUUfleeendis)  eap  be  disregarded  aimi« 
the  reaction  uhumber  ibaeltf  duea  noli  become  atgni fioantly  heated, 
'JHiera  ia  only  one  substantial  diaadvanbage  in  these  systems  * 
the  impossibility  of  aoiutraie  temperature  control,  Metal  speoimena 
can  also  be  housed  t©  very  high  temperatures  30Qd«JJOOO°O  by  passing 
them  through  an  eleebriu  current,  bub  it  is  difficult  bo  combine 
this  method  with  themegravimatric  methods  of  measuring  reaction 
rates , 


In  the  above  measurements,  difficulties  can  aria©  in  finding 
an  inert  material  bo  which  the  specimen  oan  bo  attached,  The  high- 
melting  oxides  Al^Q.^,  AgO,  ThQj>,  ErO^,  etc,,  can  usually  be  used 
with  success  for  this  purpose,  Sometimes  a  wire  suspension  device 
from  bho  same  material  as  the  specimen  la  used,  but,  in  tibia 
ease,  it  ia  necessary  to  make  uorreobiona  in  the  measurements, 

At  very  high  temperatures  it  can  alao  be  a  problem  to  measure 
the  temperature  itself.  Iridium-rhodium  thermocouples  can  be 
used  in  an  oxidising  atmosphere  at  higher  temperatures  than 
platinum-rhodium  thermocouples,  Thermoooup3.es  of  heat-resistant 
metals  or  alloys,  for  example,  tungsten-rhenium,  oan  be  used 
up  *Q  300Q-3t>00°C  [11,  35] . 

Of  the  optical  methods  for  measuring  temperature,  the  most 
frequently  used  is  the  color  method,  which  makes  it  possible  to 
avoid,  in  the  measurements  during  the  test,  errors  connected 
with  the  change  in  the  emission  factor  ^  of  the  metal  specimen, 
the  vapor  condensation  on  the  walls  of  the  reaction  chamber,  etc., 
[33,  34L 
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II  2,  Uua  Burners 

Friedman  and  Maoek  [1293  studied  thb  ignition  and  burning 
of  single  particles  of  aluminum  with’ a  diameter  of  15—67  ytn  in 
a  burning  mixture  with  a  known  gas  composition  and  maximum 
temperature.  The  flame  at  atmospheric  pressure  was  stabilized 
in  the  form  of  a  plane  burning  front  with  the  use  of  a  burner 
designed  by  Both  and  Spaulding  [130],  the  advantage  of  which  is 
the  water-cooled  bronze  disk  with  openings  of  approximately 
5-10  pm.  This  burner  makes  it  possible  to  obtain  two-dimensional 
flames  of  burning  mixtures  with  high  burning  rates.  It  was 
designed  to  measure  burning  rates  but  can  also  be  used  in 
spectroscopic!  flame  studies.  The  advantage  this  burner  has  over 
others  includes  a  narrow  reaction  zone  (on  the  order  of  fractions 
of  u  millimeter  at  atmospheric  pressure),  which  makes  it  possible 
to  obtain  a  rather  extended  zone  of  several  centimeters  with 
constant  gas  composition  and  temperature.  The  installation 
diagram  for  studying  the  burning  of  metal  particles  in  a  gas 
burner  is  px*esented  in  Pig.  3.9.  Aluminum  particles  of  different 
dimensions  were  Introduced  into  the  two-dimensional  flame  along 
the  central  axis  of  the  tongue,  with  the  use  of  tubes,  250  urn  in 
diameter,  located  in  the  center  of  the  disk.  In  the  central 
chamber  the  metal  particles  were  moved  with  nitrogen  or  helium, 
which  was  used  as  the  particle  carrier.  With  the  proper  regulation 
of  the  gas  flow  it  could  be  arranged  that  only  single  particles 
entered  the  tongue  of  the  flame.  Depending  on  the  desired 
final  temperature,  propane  was  burned  with  an  excess  or  deficiency’ 
of  oxygen  and  was  also  diluted  with  nitrogen  or  helium  (the  test 
results,  as  the  authors  indicate,  do  not  depend  on  the  nature  of 
the  inert  gas).  The  gas  rate  was  controlled  in  such  a  manner  that 
the  chemical  reactions  of  the  gaseous  propellant  were  completed 
several  millimeters  from  the  burner  outlet.  This  was  completely 
acceptable  since  the  particles,  depending  on  diameter,  ignited  at 
a  distance  of  10-150  mm.  The  burning  rate  was  on  the  order  of 
10  m/s  and  was  determined  either  according  to  the  known  gas  flow 
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rate  or  by  photographing  the  trajectories  of  the  periodically 
exposed  particles.  In  .the  latter  case,  the  particles  must  be 
so  small  that  they  can  move  along  with  the  gas  flow,  but  then  j  ' 
the  Intensity .of  the  light  rbflepted  by,  them  will  be  a  complex 
function  of  particle  size  and  position  with  respect  to  the  light 
source  and  the  optical  system.  It  is  best- to  place  the  .light  sou?  ce 
approximately  opposite  the  camera.  In  this ; case ,  the  intensit- 
of  ;th'e  scattered  light,  controlled  by  the  camera,  will  be  maxli,  ur. 
The  best  light  source,  is  either  a  flash  of  magnesium  in  conjunction 
with  a  rapidly  rotating  sector  or  a  controlled  spark  system. 

As  particles,  it  is  recommended  to  use.  magnesium  oxide  particles 
[131,  132],  .  ■  .  • 


Pig.  19.  Installation  for  studying  the 
burning  of  metal  particles  in  a  gas 
burner.  1  -  Two-dimensional  flame; 

2  -  water  cooling;  3  -  arrestor  to 
prevent  passage  of  flames;  4  -  burning 
mixture;  5,  6  -  inlet  and  outlet  for 
the  gas  which  creates  a  cloud  of  metal 
particles  in  the  chamber;  7  -  chamber. 


The  adiabatic  temperature  of  the  flame  of  a  propane-oxygen- 
hydrogen  mixture  at  atmospheric  pressure  and  an  initial  temper¬ 
ature  of  300°C  was  calculated  on  an  electronic  computer  taking 
into  account  all  possible  dissociative  processes  of  the  combus¬ 
tion  products.  The  adiabatic  temperature  as  a  function  of 
composition  is  presented  in  Pig.  20.  As  is  apparent  from  this 
figure,  in  the  installation  developed  by  Friedman  and  Macek  [133], 
the  temperature  and  composition  of  the  gas  can  be  changed  within 
a  relatively  wide  range.  We  should  also  note  that  the  actual 
temperature  was  30-4O°C  lower. 
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Pig.  20.  Flame  temperature  as  a  function  of  component  ratio  for 
the  following  mixtures,  a)  Propane-oxygen-hydrogen:  1  - 
X  *  1.00;  2  -  0.87;  3  -  0.77;  4  -  0.67;  5  -  0.57;  6  -  0.51; 

7  -  0.45;  8  -  0.39;  9  -  0.33;  10  -  0.27;  11  -  0.24;  12  -  0.21; 

b)  oxygen-carbon  monoxide:  1  -  1.00;  2  -  0.85;  3  -  0.70; 

4  -  0.56;  5  -  0.46;  6  -  0.36;  7  -  0.26;  8  -  0.22;  9  -  0.18; 

x  =  02/N2  +  02  -  the  degree  of  mixture  dilution  $  =  C^HgC CO) /02  - 

ratio  between  fuel  and  oxidizer. 


The  combustion  products  of  a  propane-oxygen-nitrogen  mixture 
contain  a  relative  large  amount  (18$)  of  water  vapor;  this  percent¬ 
age  can  vary  only  within  14-18#  depending  on  the  ratio  of  components. 
For  the  purpose  of  evaluating  the  effect  of  water  vapor  on  the 
burning  of  aluminum  particles,  a  burning  mixture  of  C02“°2~N2 
was  used  [133-135].  To  stabilize  the  two-dimensional  flame,-..*-  -«*-• 

a  certain  amount  of  oxygen  had  to  be  added  to  this  mixture,  and 
this  led  to  the  appearance  of  M).5%  water  vapor  in  the  combustion 
products.  The  adiabatic  temperature  of  a  flame  of  carbon  monoxide 
as  a  function  of  the  component  ratio  is  presented  in  Fig.  20. 
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Table  9.  Physical  and  chemical  oharapteristl.es  of  propellant-air 
flames.  _ '  ■  ■.  ..  /, _ • 


Propellant1 

.  Molec-  " 
u;lar 
weight 

•  Density  ,;• 
kg/m^  •' 

*  i*  ’ 

■Mole  fraction 
during. stoi-  •;! 
chlometry  with 
atmospheric 
oxygen  . 

Adiabatic 

burning 

temperature, 

'  •’  °K 

Acetone 

58  ; 

.  0.782 

'•  0.0497  ,  ' 

'  2122. 

Acetylene 

■  :26  . 

0.621 

0.0772 

-  ■ 

Ammonia 

17 

0.81? 

0.2181 

mt 

Benzene 

78 

0 . 8.85 

0.0271  ' 

•2306  • 

Butane 

58  . 

0.584  . 

0.0312  . 

2.  56  .  ' 

Carbon  monoxide 

28 

- 

0.2950 

-  \  - 

Ethylene 

28 

- 

0.0652 

2375 

Methane 

16 

- 

0  .09  47  . 

2236 

Propane 

44 

0.50  8 

0.0402 

2250 

Propylene 

4 2 

0.522 

0.0444 

2339 

Propylene  oxide 

58 

'  0.831  . 

0.0497 

2317 

Toluene 

;  92 

i 

0.872 

- 

2344 

In  most  cases,  the  temperature  which  can  be  achieved  In  the 
combustion  products  of  a  burning  mixture  is  determined  by 
calculation  on  the  basis  of  thermochemical  data.  The  theoretical 
flame  temperature  can  be  achieved  if  there  is  no  heat  removal 
due  to  thermal  conductivity  and  radiation.  As  indicated  by 
temperature  measurements  according  to  the  height  of  the  flame’s 
tongue,  using  optical  methods  and  thermocouples,  maximum  temper¬ 
ature  is  reached  only  in  the  center  of  rather  large  homogeneous 
flames.  Certain  characteristic  values  for  calculated  (adiabatic) 
temperatures  and  the  composition  of  the  gases  for  frequently 
encountered  flames  are  presented  in  Table  9. 

To  determine  the  ignition  temperature  of  particles  of 
aluminum,  magnesium,  and  a  50/50  aluminum-magnesium  alloy,  Cassel 
and  Leibman  [136]  used  a  heater  65  cm  long  with  an  Inner  diameter 
of  2.7  cm  and  a  zone  35  cm  long  which  could  be  uniformly  heated 
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to  1700°K,  The  temperature  inside  the  heater  was  measured  by  a 
platinum-platinum- rhodium  thermocouple  within  12.5°.  The  size  of 
•the  particles  introduced  Into,,  the  hot  zone  of  a  vertically 
arranged  heater  with  the  use  of  a  water-cooled  tube  was  measured 
by  the  change  in  the  flow  rate  of  the  gas  (measured  by  a  rotameter) 
which  was  used  as  the  carrier.-  The  separation  of  particles 
according  to  their  diameters  could  be  done  with  this  method  within 
±15$.  The  metal  particles  were  kept  almost  motionless  in  the 
hot  zone  of  the  heater  by  a  flow  of  dry  air  or  oxygen,  heated 
beforehand,  which  was  used  as  the  oxidizer.  To  determine  particle 
size  and  concentration ,  microscope  slides  were  introduced  into 
the  flow  leaving  the  heater.  Ignition  was  observed  through  a 
port  in  the  bottom  of  the  heater. 

In  the. work  of  Fassell  and  colleagues  [137],  burners  of 
various  types  (Fig.  21)  were  used  for  burning  alloy  and  metal 
powders.  A  burner  of  the  first  type  A  was  used  to  determine 
the  burning  time  with  a  high-speed  movie  camera  capable  of  a 
frame  speed  of  3000-8000  frames/s.  Metal  particles  were  introduced 
into  the  flame  by  the  movement  of  a  piston  and  the  flow  of  oxygen 
fed  through  the  tube. 

In  the  burner  of  the  second  type  B,  methane  enriched 
with  oxygen  was  used  as  the  particle  carrier.  This  burner 
was  used  for  collecting  the  combustion  products  with  glass  or 
brass  microscope  slides  located  at  different  heights  along  the 
tongue  of  the  flame  in  order  to  sample  partially  or  completely 
burned  particles.  • 

Gordon  [138]  studied  the  burning  of  particles  of  magnesium, 
titanium,  and  aluminum  on  a  burner  of  type  C.  A  small  amount 
of  metal  powder  with  a  given  particle  size  was  introduced'  into 
a  gas  flow  which  carried  the  powder  through  a  tube  to  the  carrier 
flame.  When  the  flame  was  ring-shaped,  the  particles  ignited  on 
the  boundary  of  the  carrier  gas-flame  and  the  burner  generally 
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Pig.  21,  Diagram  of  burners  for  studying  the  burning  of  povidered 
metals . 

A.  1  -  Stainless  steel  tube;  2  -  reflector  screens;  3  -  gas; 

4  -  air;  5  -  piston;  6  -  metal  powder;  .7  -  oxygen;  8  -  capillary 
restriction  to  increase  speed. 

B.  1  -  Zirconium  tube;  2,  -  oxygen;  3  -  metal  powder  feed;  4  - 
capillary;  5  -  gas;  6  -  connection,  of  zirconium  with  glass. 

C.  1  -  Carrier  gas;  2  -  metal  particles;  3  -  burning  mixture. 

D.  1  -  Burner  housing;  2  -  tubes  for  feeding  oxidizers;  3  -  pro¬ 
pellant  feed;  4  -  tubes  for  introducing  metal  particles;  5  -  oxidi¬ 
zer  feed. 


in  an  atmosphere  of  the  carrier  gas  with  a  temperature  of  several 
hundred  degrees .  In  the  case  of  a  continuous  carrier  flame 
(the  so-called  ’’closed  center’’),  the  burning  of  particles  occurred 
in  a  medium  with  a  temperature  and  composition  identical  to  that 
of  the  flame.  The  change  in  the  composition  and  temperature  of 
the  bur-iing  medium  was  regulated  by  the  selection  of  'the 
composht  n  of  the  carrier  gas  and  the  dimensions  and  composition 
of  the  flame.  Particles  were  classified  using  standard  screens  , 
with  the  folio'  Ing  approximate  mesh  dimensions:  420,  250,  150, 
105,  62  and  44  Mn.  Also  studied,  but  less .extensively  than 
pure  metals  and  alloys,  were  boron,  graphite,  and  several 
compounds  of  metals  with  nonmetals  (carbides,  nitrides,  hydrides, 
borides) . 
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Although  the  conditions  of  the  experiment  were  far  from 
definite,  as  the  author  notes,  however,  the  visually  observed 
character  and  duration  of  burning  do  not  depend  on  the  working 
parameters  of  the  apparatus  (dimensions  of  flame,  carrier  gas  rate, 
particle  concentration,  purity  and  method  of  preparing  powder) 
in  a  wide  range  of  variations.  For  the  most  part,  oxygen  was  used 
as  the  particle  carrier  in  the  study  and  the  minimum  ring-shaped 
mathane-$ir  carrier  flame  necessary  for  igniting  the  particles 
was  used;  the  'piedium  in  whiph  burning  occurred  was  enriched  with 
•oxygen  to  a  considerable  extent. 

The  appearance  on  the  photograph  of  ill-defined,  indistinct 
tracks  of  burning  metal  particles  was  explained  by  Gordon  as 
burning  in  vapor  phase  (diffusion  flame),  while  the  appearance  of 
distinct  tracks  of  considerable  lengths  (low  burning  rate)  was 
attributed  to  surface  reaction.  However,  in  the  work  there  is 
no  mention  made  of  the  magnification  or  the  dept’*  of  focus, 
which  is  important  in  interpreting  the  results. 

We  should  mention  two  essential  deficiencies  of  the  above 
methods:  the  nonuniformity  of  the  supply  of  metal  particles  and 

the  impossibility  of  controlling  their  entry  into  the  tongue  of 
the  flame. 

We  can  consider*  the  burner  developed  by  Drew  and  colleagues 
[139]  free  of  these  disadvantages  to  a  certain  extent.  This 
burner-  (D)  consists  of  a  set  of  closely  spaced  tubes  through 
which  oxygen  is  fed;  the  space  between  the  tubes  is  occupied  by 
the  flow  of  fuel.  As  a  result  of  the  mixing,  a  flame  is  formed 
on  the  surface,  whereupon  the  danger  of  its  slippage  is  eliminated. 
The  burner  has  a  central  tube  for  obtaining  a  small  flame  of 
previously  mixed  components  whose  entry  is  controlled  separately. 
Spherical  metal  particles,  70  and  150  pm  in  diameter,  are  introduced 
through  this  same  tube.  Two  mixtures  of  gas  H^/O^  and  C0/0 2  were 
used.  Solid  combustion  products  were  collected  in  a  cup  located 
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under  the  flame  of  a  burner  turned  downward.  This  burner  position 
considerably  facilitates  the  introduction  of  metal  particles  in 
the  flame.  Particles  entered  from  a  vibrating  tray  into  a  small 
funnel  which  directed  them  to  the  central  tube  and  fell  into  the 
flame,  while  having  a  certain  initial  speed  acquired  during 
their  fall  downward  aloi  the  cylinder  of  the  burner.  Since  this 
system  does  not  depend  on  a  gas  flow  for  particle  transfer,  the 
flame  can  be  regulated  without  affecting  the  flow  rate  of  the 
particle  as  would  otherwise  occur.  This  circumstance  proved  to  ! 

be  especially  favorable  for  studying  the  burning  of  large  j 

particles . 


Pig.  22.  The  adiabatic  temper¬ 
ature  of  the  flame  for  the 
propellant  APC-polyformaldehyde 
as  a  function  of  fuel  content 
(C,  %) .  1-1  atm;  2-10  atm; 

3  -  300  atm. 


I 

l 

I 

In  a  sufficiently  hot  and  steady  oxygen-hydrogen  flame,  j 

spherical  particles  with  a  diameter  up  to  100  urn  could  be  ignited  j 

without  giving  them  significant  additional  velocity  because  of 
the  gases  of  the  flame;  however,  to  ignite  large  particles  a 
stronger  flame  was  required. 

i 

Flames  of  gaseous  propellant  generally  enable  us  to  study 
the  burning  of  metal  parti.cles  only  at  atmospheric  pressure 
since  the  stabilization  of  the  flame  at  lower  and,  particularly, 
at  higher  pressure  involves  considerable  difficulties.  Therefore, 
at  pressures  above  atmospheric,  most  authors  use  flames  of  solid 
propellant  with  oxidizers  of  potassium  perchlorate  or  -rmmonium 
perchlorate  and  any  fuel  with  a  small  amount  0.05-0.1#  of  the 

i 

i 
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powder  of  the  studied  metal  added  to  this  mixture.  Figure  22 
gives  the  calculated  maximum  adiabatic  burning  temperature  as  a 
function  of  the  percentage  ratio  between  the  components  of  the 
ammonium  perchlorate-polyformaldehyde  mixture.  As  a  rule,  the 
powdered  oxidizer- fuel  components  are  carefully  mixed  and  pressed 
in  the  form  of  a  column  5-10  mm  in  diameter  and  15-30  mm  high. 

The  specimen  is  burned  in  a  constant-pressure  bomb,  which  is  a 
thick-walled  steel  cylinder  with  supplementary  equalizing  volumes 
and  windows  for  various  optical  and  spectral  studies. 

The  authors  of  reference  [129]  put  together  a  mixture  of 
ammonium  perchlorate,  organic  fuel,  and  approximately  0.1# 
aluminum  powder  of  a  certain  size.  Then  the  composition  was 
pressed  in  the  form  of  a  cylinder  6.5  mm  in  diameter  which 
surrounded  the  propellant  without  the  addition  of  metal.  A 
column  17  mm  in  diameter  and  25  mm  high  was  obtained.  Trihydroxy- 
methylene  or  a  plastisol  type  of  polyvinyl  chloride  was  us^d  as 
the  fuel.  All  components  of  the  propellant  were  in  the  form  of 
a  powder. 

The  combustion  products  of  these  mixtures  contained  approx¬ 
imately  ‘10%  water  vapor,  CO  and  C02  and  partially  oxygon  in  free 
form,  whose  maximum  content,  depending  on  the  component  ratio, 
could  be  reduced  to  approximately  9%> 

§  j.  Methods  of  Studying  the  Burning 
of  Metal  Strips  and  Rods 

In  view  of  the  fact  that  it  is  not  possible  with  contemporary 
methods  to  follow  all  stages  of  the  burning  of  a  metal  particle 
with  its  relatively  rapid  motion  in  the  tongue  of  the  flame,  much 
useful  information  can  be  obtained  by  studying  the  burning  of 
strips,  wires,  or  rods  of  metal  in  various  gaseous  media. 

Garrison  and  Joffe  [1*10]  studied  the  burning  of  thin  wires 
of  aluminum,  magnesium,  iron,  molybdenum,  titanium,  and  zirconium. 
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In  most  cases,  the  wires  were  suspended  within  a  brass  chamber 
23  cm  in  diameter  and  38  cm  high  and  ignited  at  the  bottom  so  that 
the  burning  extended  upward.  Observations  were  made  through  side 
ports  located  along  the  length  of  the  chamber.  Burning  was 
studied  in  an  atmosphere  of  pure  oxygen  at  various  pressures  or 
in  an  oxygen-nitrogen  mixture  at  a  pressure  of  760  mm  Hg.  The 
burning  rate  was  determined  by  photorecording.  The  color  tempera¬ 
ture  was  measured  in  the  tests  with  two  photoresistors  which 
recorded  the  luminous  radiation  from  the  burning  zone  in  wave¬ 
lengths  of  0.87  and  0.53  um,  respectively.  The  system  was 
calibrated  with  a  standard  tungsten  lamp  and  the  tungsten  radiation 
factor  was  taken  from  the  work  of  DeVos  [ 1 4 1 ] . 

Oxygen  distribution  in  the  burning  zone  was  determined  by 
the  rapid  hardening  of  the  reaction  products.  For  this  purpose, 
thin  wires  were  burned  in  a  small  chamber  with  a  volume  of  400  ml , 
which,  at  a  certain  moment,  was  connected  with  a  vessel  in  which 

_  -3 

a  vacuum  of  appro  :imately  10  mm  Hg  was  created.  The  diameter 
of  the  thin  wires,  depending  on  the  metal  studied,  was  taken  within 
0.1- 1.5  mm. 

It  is  usually  a  difficult  task  to  ignite  aluminum  because  of 
the  presence  of  a  stable  oxide  film  A1?0^  on  its  surface.  In 
several  works,  tungsten  spirals  wound  around  the  lower  end  of 
a  vertically  positioned  wire  have  been  used  iu r  tv»s  purpose.  A 
temperature  reaching  '*2500°C  can  be  .if  1. r  the  local  volume 
by  passing  current  along  this  sp4ral. 

To  record  the  flame  propagation  rate  along  thin  aluminum 
wires  or  rods,  photoelectric  sensors,  sensitive  to  infrared 
radiation,  can  be  successfully  used  since  the  flame  from  aluminum 
gives  a  considerable  luminous  flux  in  the  long-wave  region  of  the 
spectrum,  which  is  only  slightly  absorbed  by  the  rather  dense 
cloud  of  submicron  particles  of  Al.,0^. 
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Pig.  23.  Installation  for  studying  the  burning  of  metal  strips, 
a)  Electric  circuit;  b)  design  of  installation, 

1  -  Voltage  regulator;  ?.  -  continuously  adjustable  uu  to  transformer ; 
3  -  reducer;  (i  --  electric  motor;  5  >•  rectifier;  6  -  do  amplifier; 

7  -  experimental  chamber;  8  -  electrodes;  9  -  specimen;  10 
photocell;  11.  --  oscillograph;  12  -  movie  camera;  13  «  gas  inlet 
tube;  l^J  -  igniter;  15  -  cover. 

Coffin  [1^2]  studied  the  burning  of  magnesium  strips  ion 
the  purpose  of  finding  the  general  physical,  and  chemical  regular¬ 
ities  in  the  burning  of  magnesium.  Tests  were  performed  in  a 
transparent  chamber  (Pig.  23)  in  an  atmosphere  containing  from 
17  to  100%  oxygen,  where  argon,  nitrogen,  helium,  and  argon-water 
vapor  were  used  as  diluting  agents.  A  magnesium  strip  *1,6  cm 
long,  0.015-0.31  cm  thick,  and  weighing  0.0071!  g/crn  was  clamped 
horizontally  to  a  special  support.  No  special  methods  for 
removing  magnesium  cxide  from  the  surface  of  the  strips  were  used. 
The  magnesium  was  ignited  in  the  middle  of  a  strip  from  the 
nichrome  spiral.  The  burning  process  was  monitored  by  a  movie 
camera  with  a  frame  speed  of  16  frames  per  second. 

Brzustowski  and  Glassrnan  [1^3],  to  some  extent,  continued 
the  work  of  Coffin,  whose  purpose  was  to  find  the  conditions 
under  which  the  vapor-phase  mechanism  of  burning  occurs.  Experi¬ 
ments  were  planned  so  that  a  more  detailed  study  of  the  processes 
occurring  in  flames  soul*,  be  conducted. 
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Uivler  static  uondlUena,  aluminum  ami  roagnuaium  stripe  w#r$ 
burned  in  a  aluead  chamber,  The  chamber  was  a  vartidai  stunt! 
cylindrical  vaasai  300  m  high  with  an  inner  dlawubur  ef  S50  mm, 
Four  pona  a  *5  mm  in  diamatar  wars  located  uni formly  alemg  the 
radius  at  mi  dh  eight  ef  the  camhuatidn  chamber.  Two  brass  r©da 
hermetically  sealed  into  Uhc  baa§  e>f  the  chamber  served,  afe  the 
a  nine  time,  aa  holders  fan  the  specimen  ami  the  ^leetrodea,  A 
centimeter  ©f  magnesium  a  trips  0.89  am  wide  weighed  ?>?  mg* 

Traces  of  sodium  ami  manganese  impurities  were  seen  on  the 
apeetrograma  obtained  in  the  teat*  Aluminum  waa  used  in  the 
form  of  a  wire  0,89  mm  in  diameter,  1  cm  of  which  weighed  17  mg. 
The  aluminum  wan  sufficiently  pure  and  contained  noticeable  traces 
of  only  helium,  copper,  and  0 odium.  The  experimental  apeaimene, 
au  a  rule,  were  from  B  to  10  om  long,  Mixtures  of  oxygen  and 
argon  were  used  aa  the  oxidlaer,  Experiments  were  performed  with 
pressures  below  3^  atm  and  various  mixture  compositions  from  pure 
oxygen  to  pure  argon. 

During  the  experiment  the  gaa  in  the  chamber  was  motionless 
except  for  free  convection  oevrent,  unused  at  the  beginning  by 
the  wire  being  heated  and  later  by  the  flame,  Pressure  during  the 
teat  increased  by  only  l-?#.  Oxygen  oontent  In  the  chamber  during 
all  experiments  was  greater  than  necessary  for  complete  combustion 
of  the  specimen. 

The  flames  were  photographed  on  a  plate  and  spectrograms 
were  taken  at  the  same  time  with  a  1,5-meter  spectrograph  with 
a  diffraction  grating.  The  range  of  first-order  dispersion 

Q 

extended  from  3700  to  7*100  A  with  a  linear  dispersion  of 

O 

approximately  15  A  in  1  mm.  Exposures  were  made  with  a  6 0  pm 
slot  for  a  duration  of  1  to  5  s.  The  spectrograms  were  analysed 
on  an  automatic  photomicrodensitometer. 
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Aa  bihum  towels  and  fll&asnifcn  iHdiu&fcad,  ignUlon  ia  td»a  firtn 
and  a  vary  AmpppbanU  »Ug@  of  thd  burning  pi'©©©#©,  ISffsvfcs 
wnnctbwti  *i%\\  ignition  have  a  aubatanUul  infUnma©  m\  thb 
pattern  ef  burning  ©bburwd  in  the  teat,  whiah  at  a©  dapands  ©n 
the  f©l lowing  ©barauturiakiaa  ©f  this  ©xperimsMn  attachment 
©f  the  metal  atrip  on  the  ©nd@  i  burning,  with  the  use  of  in 
internal  heat  aaurua  by  the  passage  of,  an  vlvutrie  current,  and 
wuHpg  fr©ro  the  aurfaon  by  oonvaetian  and  radiation*  heat  transfer 
to  thn  vie  at  rodeo  on  which  the  hpeaimen  is  attached*  temperature 
of  the  surrounding  gas »  which  is  approximately  equal  to  room 
temperature  during  the  anti  re  burning  period,  All  these  factor© 
must  be  tahrn  into  aonsideration  when  interpreting  the  results  of 
observation#,  The  speoimens  were  ignited  by  electric  current, 

To  regulate  voltage  on  the  electrodes,  a  step-down  transformer 
and  a  continuously  adjustable  uutotrunafarmer  were  used,  hvpro- 
duuibie  Ignition  was  no comp lishod  by  slowly  increasing  voltage  from 
were?  while  turning  the  Knobs  of  the  continuous ly  adjustable  auto- 
transformer, 

in  the  experiments  with  magnesium  the  rate  of  voltage 
increase  was  approximately  0,0t6  V/s ,  This  rate  was  doubled  in 
experiments  with  aluminum.  Xn  both  oases,  the  middle  of  the 
specimen  In  a  seat! on  approximately  1-1.5  om  long  had  uniform 
temperature,  The  specimen  almost  always  ignited  in  approximately 
the  middle  between  the  electrodes. 

At  the  moment  of  ignition  there  la  a  rather  high  ourrent 
strength  In  the  electric  pow'-r  supply,*  from  17  to  to  A  for 
magnesium  strips  and  from  37  to  72  A  for  aluminum  wires.  The 
power  applied  during  ignition  to  the  magnesium  strip  was  to  Wj 
losses  from  thermal  conductivity  were  approximately  16  W.  This 
fact  indicates  that  the  thermal  conductivity  to  the  electrodes 
plays  an  important  role  in  the  experiment. 
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Tally  DM!)  ebudisd  thv  burning  of  high-purlty  baron  so  that 
the  et'feet  of  <ronb€Uulnftt»lon  on  the  burning  rate  oould  b<?  evaluated 
In  the  simplest  manner, 

Per  this  purpesek  eylindrioai  rods  of  boron -were  prepared, 
which  were  brought  by  electric  heating  to  a  temperature  above 
the  melting  point  of  boron  in  various  gaBeoue  media,  These 
rods  were  prepared  by  the  chemical  deposition  of  boron  oat 
incandescent  metal  wire  pm  "in  diameter,  near  whose  hot  surface 
the  following  reaction  occurred! 

mtllii  !’  •I|l,>  -5*11  !-  «,l Hi, , 

If  the  conditions  are  exactly  fulfilled,  a  dense  coating  approxi¬ 
mately  1  mm  thiQk  la  obtained,  Such  rods  of  boron  with  a  purity 
above  99%  and  an  Internal  conductor  to  supply  current  for  heating 
were  used  for  studying  burning  at  temperature  above  the  melting 
point  of  boron  (2300°K),  Conditions  were  developed  for  depositing 
poly  crystal line  and  glass-like  boron, 

Two  basic  experimental  methods  were  used.  The  experiments 
using  the  first  method  measured  the  absorption  of  cold  oxygen  as 
a  function  of  time,  at  various  temperatures  of  the  hard  boron 
surface  and  pressure.  The  rod  temperature  varied  between 
10Q0-19Q0°K  and  gas  pressure  between  0. 1-1.0  atm. 

In  the  other  method,  the  linear  propagation  rate  of  the 
flame  was  measured  with  a  rod  of  boron  burning  from  one  end 
in  a  flow  of  oxygen  at  various  pressures  and  a  temperature  of 
250O°K. 

Prom  the  results  of  these  experiments,  which  are  examined 
while  taking  into  account  the  thermodynamic  and  physio al  properties, 
of  boron  and  its  oxide,  and  the  observations,  in  a  microscope, 
of  the  moving  incandencent  burning  surface,  it  was  possible  to 
judge  the  burning  mechanism.  . 


3  4 ,  Mutheda  of  Studying  the  Ignition 
and  Burning  of  Single  Metal  Particles 
and  fJlouda  of  Metal  Parti o lea 
in  Aggressive  Uauooua  Media 

For  the  purpose  of  creating  hi gh~ temperature  sources  of 
light  radiation,  Gross  and  Conway  [145]  performed  extensive 
studies  on  the  burning  of  various  metals  in  both  powder  form 
and  rod  form. 

Tho  burning  of  large  quantities  of  metal  is  difficult  to 
study  because  of  the  problems  connected  with  the  Ignition  and 
position  of  the  studied  specimen.  Gross  and  Conway  managed  to 
perform  such  a  study  with  aluminum,  using  wat^r-cooled  steel 
reactors  lined  with  aluminum  oxide  for  this  purpose.  By  controlling 
the  rate  of  the  oxygen  supply,  significant  changes  in  burning 
intensity  could  be  achieved.  With  low  oxygen  flow  rates,  no  alumi¬ 
num  oxide  smoke  particles  were  formed,  and  burning  extended  along 
the  surface  of  the  liquid  aluminum.  At  higher  oxygen  flow  rates, 
a  large  amount  of  aluminum  oxide  smoKe  was  formed. 
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Fig.  24.  Transit  time  installation  for 
studying  the  burning  of  metal  particles. 

1  -  Sol  loid  contacts;  2  -  solenoid; 

3  -  magnet;  4  -  metal  particle  holder; 

5  -  opening  direction  of  holder  site; 

6  -  path  of  metal  particles  before  ignition; 

7  -  reflector;  8  -  track  of  burning  partioles; 

9  -  glass  tube;  10  -  viewing  glass  or  cup  for 
collecting  combustion  products;  11  -  gas  outlet; 
12  -  leads  to  capacitor  bank;  13  -  discharge 
tube;  14  -  gas  inlet. 
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An  important  method  which  makes  it  possible  to  measure 
accurately  the  time  of  particle  existence  before  its  full  combux  • 
tlon.  or  separation  or  separation  as  a  result  of  explosion,  at  a 
certain  composition,  pressure,  and  ambient  gas  temperature,  is 
the  method  of  igniting  metals  by  heating  through  radiation  from 
the  flash  of  a  pulsed  xenon  lamp  [146-1513.  In  this  method,  an 
intense  light  pulse  (whose  brightness  temperature  reaches  10^°K 
[152])  heats  the  tested  specimen  to  several  thousand  degrees  in 
several  milliseconds  [11,  18,  '39  3.  Since  the  heat  source  itself 
is  not  in  contact  with  the  atmosphere  in  which  the  test  specimen 
is  placed,  this  technique  makes  it  possible  to  study  the  burning 
of  particles  or  strips  of  metal  in  gaseous  media  whose  composition 
and  pressure  can  vary  over  a  wide  range.  The  study  was  performed 
in  a  chamber  (Pig.  24).  made  of  glass  tubing,  consisting  of  four 
detachable  se<  .  :ns .  The  first  section  contained  the  specimen 
holder;  at  the  instant  the  electromagnet  was  switched  on  the 
specimen  was  released  and  began  to  fall  freely.  The  pulsed  lamp 
was  placed  in  the  second  section.  The  length  of  the  third  section 
could  be  changed  from  several  centimeters  to  several  meters 
depending  on  the  required  length  of  the  experiment.  The  lower 
end  of  this  section  was  joined  with  the  fourth  section,  which 
was  a  cup  in  which  the  combustion  products  were  collected.  A 
flat  piece  of  glass  was  sometimes  inserted  instead  of  the  fourth 
section  in  order  to  photograph  vertically. 


The  pressure  in  the  chamber  could  vary  from  10~3  mm  Hg  to 
atmospheric  pressure;  the  metal  particle  itself  could  burn 
either  in  a  motionless  gas  medium  of  the  necessary  composition 
or  in  a  flow  of  gas. 

The  pulsed  lamp  in  the  form  of  a  spiral  with  an  inner 
diameter  of  30  mm  and  a  height  of  50  mm,  made  from  quartz  tubing 
8  mm  in  diameter,  was  filled  with  xenon. 
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Upon  discharge  of  the  capacitor  bank,  around  36 00  J  of  . 
energy  was  released  in  the  pulsed  lamp,;,  approximately  half  of 
this  energy  was  expended  in  1.2  ms.  During  the  entire  discharge 
time,  more  than  27.6  J  was  received  per  unit  surface  of  the 
specimen  in  the  middle  of  the  spiral  of  this  lamp  [153]* 

During  the  melting  of  metal  foil,  metal  droplets  are  formed, 
whose  diameter  is  determined  by  the  size  of  the  piece  taken.. 
Usually,  these  foil  pieces  had  a  thickness  of  10-15  pm  and  an 
area  of  250  x  1500  pm2. 

The  burning  process  was  photographed  with  a  high-speed  movie 
camera,  frame  speed  3000-5000  frames  per  second.  When  required, 
the  burning  particle  could  be  rapidly  cooled  in  any  stage  of 
combustion  by  placing  a  Dewar  vessel  with  liquid  argon  in  the 
second  section  at  various  heights.  The  combustion  products  were 
usually  analyzed  after  evaporation  of  the  liquid  argon. 

The  burning  of  Zr,  Ta,  Ti,  Mo,  W,  Pu,  Sm,  Re  and  A1  particles 
in  oxygen  and  various  oxygen-nitrogen  and  oxygen-argon  mixtures 
was  studied  with  this  experimental  installation. 

An  end-burning  fractional  horsepower  motor  was  used  in 
reference  [ 15 h J  to  study  the  regularities  of  the  ignition  and  burn 
ing  of  metal  particles  included  in  a  propellant  as  energy  admix¬ 
tures  . 

There  were  two  versions  of  this  installation  made.  In  the 
first  version,  optical  instruments  were  used  as  the  main  method 
of  recording  the  burning  and  ignition  of  particles.  In  the 
second  version,  the  unit  impulse  of  the  propellant  and  its 
dependence  on  the  concentration  and  combustion  efficiency  of 
the  metal  was  the  main  parameter  characterizing  the  burning  of 
the  metal  (Fig.  25). 
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!Pig.  25.  Installation,  for  studying 
the  burning  of  metal  particles,  in  a 
composition  of  solid  fuel-. 

1  -  Chamber 5.  2  -  flow  of  gas  with 
metal  particles j ■ 3.  - 'propellant 
charge;  4  -  nozzle;  5  -  Plexiglas;" 

6  -  SKS-I  movie  camera;  7>  8  -  s  . 

pressure  and  thrust  sensors.  i 


Along  one  entire  side  of  the  motor  there  was  a  13  x  300  mm 
window  5  for  optical  observations.  Plexiglas  walls  to  prevent 
rapid  contamination  and  burnout  were  equipped  with  interchangeable 
Plexiglas  plates  on  the  channel  side  of  the  motor. 

A  standard  high-speed  SKS-IM  movie  camera  [155]  and  a  photo- 
recorder  produced  by  IKhF  [Institute  of  Chemical  Physics]  of  the 
Academy  of  Sciences,  USSR,  [156]  were  used  as  the  optical 
instruments  necessary  for  the  visual  observations  of. the  motion 
of  the  burning  aluminum  particles  and  the  surface  of  the  propellant. 
Photography  was  usually  performed  at  speed  of  4500-5000  frames 
per  second  with  reduction  by  a  factor  of  1.5-2. 

The  installation  illustrated  in  Pig.  25  was  used  to  measure 
the  unit  impulse  of  the  propellant .  .  This  installation  consists 
of  a  fractional  horsepower  motor,  a  thrust  sensor,  a  pressure 
gauge,  a  calorimeter,  an  amplifier,  a  MPO-2  oscillograph,  and 
a  power  supply  unit.  The  fractional  horsepower  motor  differs 
from  the  one  mentioned  above  only  in  that  it  has  no  window 
for  optical  observation  or  device  for  feeding  additional  charge 
and,  instead  of  the  "point"  nozzle  a  standard  Laval  nozzle  with 
the  ratio  dQ/dH  -  2.3-2.45  was  used. 


Pig.  26.  Installation  for  high¬ 
speed  photomicrography  of  the 
burning  of  metal  particles. 

1  -  S'KS-I  movie  camera  j  2  - 
microscope j  3  -  chamber;  — 
illuminating  lamp;  5  -  metal 
particles;  6  -  chamber  windows; 

7  -  igniter;  8  -  openings  for 
feeding  gas  to  chamber. 


An  experimental  study  using  still  photography  and  movie 
photography  of  the  burning  of  metal  particles  in  a  moving  flow 
has  a  number  of  disadvantages  which  make  it  impossible  to  study 
the  important  characteristics  of  the  burning  mechanism  of 
separately  taken  particles  under  prescribed  conditions  (the 
character  of  the  burning,  the  structure  and  geometric  characteris¬ 
tics  of  the  burning  zone  surrounding  the  particle,  the  dynamics 
of  the  burning  process,  etc). 

These  characteristics  can  be  rather  fully  studied  only  in 
a  study  of  the  burning  process  of  motionless  particles  using 
various  methods  of  photomicrography  [1573. 

Kashporov  [158]  developed  an  installation  which  has  made 
it  possible  to  study  the  burning  process  of  single  motionless 
metal  particles  in  various  gaseous  oxidizing  media  using  high¬ 
speed  movie  photomicrography.  The  basic  units  of  the  installation 
are  shown  in  Fig.  26. 

The  necessary  oxidising  medium  is  created  by  blowing  the 
previously  prepared  gaseous  oxidizer  (water  vapor,  carbon  dioxide, 
or  an  oxygen-argon  mixture,  etc.)  for  a  long  time  through  the 
working  volume  of  the  chamber. 


The  test  partial©  is  ignited  in  the  oxidizing  medium  by  a  - 
miniature  element  heated  by  .electric  current  . (silicon  carbide, 
or  graphite  rods,  as  .well  as  ni chrome  or  molybdenum  plates,  etc.,, 
can  be  used  as  heating  elements).  However,  it  should  be  remembered 
as  mentioned  above,  that  the  presence  of  carbon  can'  load  t.o  the 
reduction  of  aluminum  oxide,  which  always  covers  pur>e  aluminum, 
and  can  thus  affect  the  ignition  process. 

.  V  *  .  . 

The  processes  of  symmetric  and  asymmetric  burning  of  particles 
can  be  studied  on  this  installation,  which  is  necessary  in  order 
to  obtain  the  correct  representation  of  the  kinetics  of  the  burning 
of  particles  which  are  located  in  a  flow  of  an  oxidizing  medium 
in  a  suspended  state  or  on  the  interface  of  the  condensed  phase 
of  ’he  propellant  and  the  flame. 

The  optical  system  of  the  installation  makes  it  possible  to 
obtain  a  high-quality  negative  image  on  the  film  with  eleven-fold 
magnification  and  a  resolution  of  20  lines  per  1  mm. 

Great  care  should  be  taken,  however,  in  interpreting  the 
results  obtained  on  the  film,  during  the  burning  of  the  metal 
particles,  in  the  form  of  tracks  or  diffusion  halos.  The  fact 
is  that  even  with  low  magnification,  let  us  say  5,  the  depth  of 
focus  is  only  fractions  of  a  millimeter.  Actually,  the  range 
of  definition  A  is.  determined  by  expression  [1573 

a  *  (Z-Wi'p-y1,  (II.  3) 

where  A'  =  sin  ^  is  the  aperture  number  in  the  exit  pupil  of ’  the 
system  (a  is  the  angle  formed  by  the  rays  from  the  edge  of  the 
exit  pupil  of  the  lens  to  the  center  of  the  image);  N  is  the 
resolution  of  the  photographic  layer,  llne/mm;  0  is  the  magnifica¬ 
tion  of  the  photomicrographic  installation. 
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if :  we  take  even  a  somewhat  lower  resolution  for  the  photo¬ 
graphic  layer  N "®  50  line/mm,  and  the  average  value  of  the 
aperture  A*.  «  0.2  [159  3,  then  when  3  »'  5  we  find  that  the  depth 
of  focus  is  only  approximately  A  =  5  tfm.  Therefore,  the  sharp, 
clear  track  of  metal  particle  burning,  which  indicates  hetero¬ 
geneous  (surface)  burning,  can  appear  diffused  and  ill-defined 
in  photomicrography  (because  of  the  small  depth  of  focus)  and, 
on  the  basis  of  this  evidence,  the  burning  could  be  interpreted 
as  diffused  (occurring  in  vapor  phase) . 

The  ignition  of  metal  particles  depends  on  many  factors: 
the  composition  of  the  ambient  medium,  the  surface  condition  and 
size  of  the  particles,  the  reaction  rate,  the  concentration  of 
particles  per  unit  volume,  the  natural  intensity  of  the  Ignition 
source  itself  [160],  etc.  The  process  of  oxidation  occurs 
at  temperatures  rarely  exceeding  800-1000 °C,  and  for  many  metals 
ignition  takes  place  at  significantly  lower  temperatures;  however, 
active  burning  takes  place  at  temperatures  above  2500°C.  Although 
there  are  many  works  on  oxidation  performed  at  a  temperature  near 
the  ignition  point  of  metals,  the  relationship  between  slow 
oxidation’. and  the  rate  of  actual  burning  Is  still  unclear. 

Boyle  and  Lewellyn  [l6lj  measured  the  ignition  energy  of 
aluminum  and  magnesium  using  a  spark  in  a  particulate  cloud  of 
metal  in  air.  They  found  that  ignition  energy  changes  with 
a  change  in  resistance,  which  determines  the  discharge  time,  i.e., 
there  is  an  optimal  discharge  time  for  ignition.  The  ignition 
energy  of  the  particulate  cloud  is  a  function  of  particle  size; 
the  smaller  the  particle  the  less  energy  will  be  required.  The 
energy  values  for  aluminum  and  magnesium  are  presented  in  Table  10. 
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Table  10.  Ignition  energy'  (in  J) . for  aluminum 
and  magnesium. 


Resis- 

M; 

Al 

Al— M? 

50  :  60 

tance , 

to  MK 

00  .'IN 

0 

P0.MK 

70  M  K 

10  MK 

.10  ,'IN 

30.10* 

0 ,20 

0,033  I 

0.023 

on  55 

. 

0,000 

10* 

1,20 

0,11  j 

0,09 

0,55 

0,80 

[mk  =  ym] 


The  ignitability  of  the  particulate  cloud  containing 
particles  of  various  sizes  will  be  determined  by  the  smallest 
particles  since  they  will  ignite  more  easily.  Comparatively 
large  particles  of  aluminum  can  be  ignited  only  In  a  medium  with 
a  temperature  exceeding  2000° C.  Thermal  flux  with  such  a  temper¬ 
ature  cannot  be  obtained  on  particle-tracking  Installations 
[162-165];  therefore,  in  many  studies  [166-169]  or.  aluminum 
particle  burning,  arc  burners  (plasmotron)  (Pig.  27)  have  been 
used. 


Pig.  27.  Arc  burner. 

1  -  Quartz  tube;  2  -  fireclay 
fitting;  3  -  vibrator  for 
feeding  metal  particles; 

4  -  argon-arc  burner. 


Any  inert  gas,  most  frequently  argon,  is  used  as  the  heat- 
transfer  agent.  An  argon-arc  burner  gives  a  plasma  stream  of 
.argon  with  a  calculated  temperature  of  5Q0O-l5,O00°K  at  a  current 
strength  of  100-500  A.  The  argon  is  heated  in  a  ring-shaped  arc 
discharge  between  a  tungsten  cathode  and  an  internal  copper 
nozzle-anode.  A  secondary  gas  (usually  air)  is  used  to  press 
the  stream  of  plasma  info  the  ring-shaped  gap  between  the  outer 
and  inner  nozzles  through  the  tube  and  the  distributor  ring. 

The  particles  can  be  introduced  into  the  gas  flow  with  a 
feeder  similar  to  the  one  used  by  Friedman  and  Maeek  [133]. 

This  feeder  is  a  cylindrical  cavity  whose  bottom  (a  phosphor 
bronze  membrane)  can  be  vibrated  by  an  electric  vibrator.  On 
top  of  the  membrane  is  a  thin  vertical  tube  through  which  the 
gas  in  the  cavity  exits.  Powder  particles,  poured  on  the  membrane, 
during  the  vibration  form  a  cloud  from  which  part  of  the  particles 
are  carried  by  the  flow  through  the  vertical  tube  to  the  stream 
of  hot  gas.  The  frequency  of  particle  feed  to  the  flow  is 
controlled  by  the  amplitude  of  the  membrane  vibration,  the  flow 
rate  of  the  gas  through  the  chamber,  and  the  height  of  the  lower 
section  of  the  vertical  tube  above  the  membrane. 

The  temperature  of  the  flow  can  be  controlled  by  changing 
the  current  of  gas  in  the  burner  or  by  changing  the  total  flow 
rate  of  the  gas  with  a  given  current. 

The  composition  of  the  medium  is  determined  by  the  flow  rate 
of  the  components  measured  with  rheometers  which  are  graduated 
oy  the  displacement  of  gas  by  water  from  the  measuring  vessel. 

In  control  experiments  the  oxygen  content  can  be  checked  by 
analyzing  samples  taken  from  the  stream  cooled  by  the  gas-collecting 
tube.  As  a  rule,  the  results  of  analyzing  samples  taken  from  the 
upper  nozzle  edge  agree  with  the  calculated  results  of  measuring 
gas  flow  rate  within  the  range  of  error. 


80 


Gurevich  and  colleagues  [167-169]  collected  the  combustion 
products  at  various  heights  over  the  exit  section  of  the  burner 
nozzle  on  cold  glass  lubricated  with  a  thin  layer  of  vaseline. 

The  particles  thus  collected  were  examined  and  photographed 
under  a  biological  microscope  with  a  magnification  of  6Q-60Q. 

The  ignition  limit  was  determined  as  follows.  The  operating 
current  through  the  burner  and  the  flow  rate  of  argon  and  oxygen 
were  assigned.  The  flow  rate-of  nitrogen  was  first  selected  so 
that  the  test  particles  would  be  reliably  ignited.  Tracks  of 
two  types  were  observed  visually:  long  and  bright,  which  were 
located  rather  far  from  the  nozzle  edge,  and  short  and  weak, 
which  indicated  the  presence  of  very  fine  particles  in  the  basic 
fraction.  Then  the  nitrogen  flow  rate  was  increased  until  t' e 
particles  of  the  basic  fraction  ceased  to  burn.  This  mode  of 
the  plasma  burner  was  considered  the  ignition  mode. 

The  gas  temperature  along  the  height  of  the  gas  plasma 
stream  was  measured  by  the  method  of  turning  spectral  lines  if 
it  was  above  1400°C  and  by  a  thermocouple  if  it  was  below  this 
figure . 

To  improve  the  feeding  of  metal  particles  into  the  gas  flow, 
an  electric  charge  was  sometimes  given  to  the  particles.  The 
method  used  was  as  follows. 

A  grounded  diaphragm  with  a  small  opening  was  installed  over 
the  metal  cup  with  the  powder.  A  brief  pulse  was  fed  to  the  cup. 
Because  or  the  action  of  the  electric  forces,  particles  were 
ejected  from  the  cup  and  f.Lew  to  the  diaphragm.  Some  of  them 
flew  out  through  the  hole.  The  possibility  of  the  escape  of 
adhering  particles  is  substantially  reduced  since  they  are 
electrically  charged. 


Burning  of  iiMnal  particles  in  various  gaseous  imnlia  can  be 
studied  using  plasma  burners  at  higher  pressures  up  to  20  atm  on 
the  installation  (with  alight  changes)  of  Po'.Uk  and  Shchipaohev 
[166],  which  was  developed  in  order  to  obtain  nitrogen  oxides  in 
a  pinarna  stream.  On  this  installation,  a  plasma  stream  with 
temperature  up  1  o  310Q-3200,jK  can  be  obtained, 

The  design  of  the  heater,  which  was  developed  by  Klepeya 
and  Roe a  in  order  to  study  a  strong  Hall  effect  [170],  can  also 
be  used  successfully  for  studying  the  burning  of  particles  in 
gaseous  madia  of  various  compositions  (Fig.  28).  The  main 
heating  element  of  inert,  gna  (argon)  was  a  device  of  graphite 
rodt.  0  mm  In  diameter  and  59  cm  long,  arranged  tightly  in  a 
cylindrical  graphite  chamber  <10  om  in  diameter  and  59  om  high. 

At  tho  beginning,  with  the  aid  of  four  do  welding  generators 
(with  the  power  of  approximately  30  kW),  th«  graphite  rods  were 
heated  to  ?nOOc>K  and  then  into  the  space  between  the  ro  ,  -  was 
fed  inert  gas  which  acquired  the  temperature  of  tho  rods  due  to 
convective  boat  exchange.  The  introduction  of  metal  particles 
and  the  desired  gaseous  medium,  consisting  of  oxidising  agents 
G0o,  H.,0,  0.,,  into  the  heated  flow  can  be  accomplished  through 

i.  C  « 

special  quartz  tubes  located  either  in  the  channel  which 
discharges  the  heated  gas  or  at  the  exit  from  it. 

Experiments  with  this  heater  were  performed  at  a  temperature 
of  3900-?000°K  for  the  graphite  rods  with  a  gas  flow  rate  of 
100  g/a ,  The  temperature  drop  during  feed  of  gas  for  15  seconds 
was  less  than  10 °C. 

The  gas  temperature  at  the  outlet  was  measured  only  with  a 
rod  heating  temperature  of  around  1000°C.  Measurements  indicated 
that  the  gas  and  the  graphite  rods  have  the  same  temperature. 
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§15.  Method  of  Studying  the 
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Burning 


We  know  that  the  introduction  of  metals  into  the  composition 
of  a  propellant  substantially  improves  its  charaateriulsioa  PI ,  6, 
138,  171].  One  of  the  interesting  problems  in  the  burning  of  such 
systems  is  the  study  of  the  surface  structure  of  a  propellant 
with  the  addition  of  aluminum,  magnesium,  and  their  alloys,  This 
study  makes  it  possible  to  clar;  /  a  number  of  problems;  whether 
metal  ignites  on  the  burn,  nr  •»•  'face  of  the  propellant  or  not; 
whether  there  occurs  an  agglomeration  of  metal  on  the  burning 

..fhlfclal  B.lao  of  the  metal  particles  and  the 
percentage  content  of  the  metal  in  the  propellant  .affect  the  ■> 
processes  occurring  on  the  burning' surface,  :  if  , 

In  references  C 172-17 b 3  it  was  first  shown  that  during  the 
burning  oi  ballistic  powder  with  an  aluminum  admixture,  on  the 
surface  of  the  charge  there  occurs  an  adhesion  of  metal  particles 
with  thermally  stable  decomposition  products  of  nitrocellulose 
and  the  subsequent  merging  of  them  near  the  burning  surface. 

In  the  case  of  the  burning  of  a  model  APC  fuel  composition, 
adhesion  and  merging  of  aluminum  particles  occurs  on  the  burning 
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■'articles  were  taken  cm  metal  or  glass  plates  and  then 
studied  under  an  MBR-3  microscope,  which  made  It  possible  to 
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,  plate.  At  the  moment  the  copper  wire,  a  burned  out,  a  current 
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moved  the  subject  plate  over  the  burning  specimen.  A  check  using 
movie  photography  with  a  magnification  of  5  showed  that  the 
surface  of  the  charge  could  be  fixed  within  ^0.5  mm  relative  to 
the  plate. 

In  order  to  verify  that  there  are  collected  on  the  plate 
those  particles  of  condensed  products  which  are  formed  during  the 
burning  of  metallized  compositions ,  i.e.,  agglomeration  of  particles 
on  the  plate  itself  does  not  occur  during  sampling,  it  is  necessary 
to  fulfill  the  following  conditions: 
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(II. H) 

where  n  is- the  number  of  aluminum. particles  in  1  cmJ  of  the 
composition,  cm”-3;  v  is  the/ burning-  rate  of  the  charge,  cm/s; 
t  is  the  time  the  .object  plate.. is  in  motion  over  the  burning 


surface  of  the  . change ,  s;  s  ;is  the  .cross-sectional  area  of  the 

■  ’  ‘o: ? ■■■■■'  •  h  ■"/  v'-  .'l 

metal  particle,  cm 


This  expression  is  obtained  on  the  assumption  that  the 
initial  size  of  the  metal  particles  does  not  change  during  the 
burning  of  the  fuel-oxidizer  composition. 


Usually,  the  time  of  plate  motion,  for  each  specific 
composition,  was  selected  so  as  to  be  5-6  times  shorter  than  the 
time  obtained  on  expression  (II. t).  This  clearly  prevented  the 
adhesion  of  the  melted  metal  particles  to  the  surface  of  the 
object. plate ,  and  also  made  it  possible  to  obtain  a  relatively 
uniform  concentration  of  sampled  condensed  products.  The  combus¬ 
tion  products  were  sampled  at  three  places  along  the  height  of 
the  tongue  of  the  specimen's  flame:  h  =  0 . 5 ,  h  =  5 ,  and  h  =  10  mm 
from  the  burning  surface  of  the  charge.  Tests  were  made  in  a 
constant-pressure  cylinder  in  a  nitrogen  atmosphere  in  the 
pressure  range  P  =  1-30  atm. 
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'  .The' original-  methodology  used  in  sampling  the  condensed 
'  comb  us  ti  on -  products  o  f.  'met  al  li  zed  1  propellants  is  des  bribed  in 
reference  [15*0 /.(see  Pig.  ..-29b)  . '  "•  ’’  /y  '’v;.  .  "  "Vy  .  ;.  •.„• "  >“  ! 
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.  Specimens  consisting  of  two  thin  plane*parallel  plates  - 
-rigidly  attached  to  a  plastic  housing  were  burned  in  a  constant-  . 
.pressure  cylinder.  The  use  of.  specimens' .with  this  shape  made  ■ 
it  possible  to  blast  the  burning  surface  with  hot  “products 
moving  at  speeds  "  of  up  to i  200  m/s .  A  slotted  specimen  7  was 
.attached.,  in  .‘front  of  the  inner  side  surface  of  .the  drum  .2,  which.  " 
..was,  turned '  b,y  a  1000  r/min.  m'otor  -4.  The  alcohol  poured  into,  the-'- 
:  drlim  spread  put  in  a.  thin,  layer  3  along  its  side  surface.  :  .  • 

Condensed  combustion  products ,  coming . out  of  the  slot  in,  the 
charge.,  and- falling  .in  the  alcohol,  were  .quenched.  -Such  a  sampling 
procedure  made  it  possible. to  collect  condensed  combustion 
products  up  to  100  pm  in  size,  no  more  than  1  ps  after  their' 
escape  from  the  burning  surface  without  a  change  in  their  shape 
or' structure. 


Particles  thus  collected  were  then  analyzed  under  a  micro¬ 
scope  with  a  magnification  of  60-600.  The' results  were  formulated 
in  the  form  of  integral  curves  of  volume  distribution  [175], 

For  the -short-term  distribution  curve  the  dimensions  Dr 


50 


-  ( En1d^/ni ) ^  and  D^  were  used  (50  and  .90%,  respectively.,  of 


the  particles,  according  to  volume.,  are  smaller  than  the  size 
given)  .  Both  . sizes  are.  obtained  directly,  from  integral  dlstribu- 
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•  Cassel  'and  Liebman"  [1-76  ] •  collected  particles  on  glass  wadding-: 
by  b, lowing,  through  it  a  flow"  carrying 'these  particles .  They  ;,  -  ;  .  > 
used-,,  this-  method  in  order  to -more  precisely  define  the"  size  of 
the  particles  under 'a  microscope  and  determine'  their  concentration, 
'in  a  heterogeneous  flow.  However,  this  method  can  also  be  used, 
of  course,  for  collecting  condensed  solid ' products  of  the 
combustion  of  metal  particles. 
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The  method  used  by  Cassel  and  Llebman  differs  favorably 
from  the  selection  of  particles  by  glass  in  that  it  makes  it 
possible  to  trap  all  combustion  products  and  to  perform  a 
quantitative  determination  of  the  insufficient  burring  of  the 
metal  at  various  stages  of  particle  burning,  for  example,  for 
particles  of  aluminum  by  the  volumetric  method  based  on  the 
change  in  the  volume  of  hydrogen  released  during  the  interaction 
of  aluminum  with  alkali  according  to  the  following  reaction: 

2A1  +  2N»0H  -h  oil/)  -  2Nn  l  At  (011)i]  4-  3Hj. 

The  accuracy  of  this  method  with  an  aluminum  content  of  less  than 
535  is  within  ±1.535.  Since  aluminum  carbide  can  be  present  in  some 
specimens,  it  is  necessary  to  make  a  correction  for  the  liberated 
methane  (as  we  know,  during  the  interaction  of  aluminum  carbide 
with  water  methane  is  liberated) .  For  this  it  is  necessary  to 
conduct  parallel  tests  with  water  instead  of  the  alkaline 
solution  and  to  recalculate  the  liberated  gas  for  aluminum, 
which  must  be  deducted  from  the  quantity  of  aluminum  obtained 
with  an  alkaline  solution. 

Aluminum  nitride  can  be  determined  by  the  ammonia  distillation 
method  [177]. 

During  the  interaction  of  ammonium  nitride  with  water  in 
the  presence  of  alkali,  ammonia  is  liberated  and  absorbed  by 
sulfuric  acid.  The  excess  sulfuric  acid  is  titrated  by  the 
alkaline  solution. 

The  content  of  aluminum  chloride  can  be  determined  by  the 
argentometri c  method  [178],  based  on  the  precipitation  of  a 
chlorine  ion  by  silver  nitrate  and  the  back-titration  of  its 
surplus  ammonium  thiocyanate  in  the  presence  of  the  indicator  - 
ferric  ammonium  alums.  The  determination  is  made  in  a  water 
medium  after  processing  the  batch  with  water  during  heating. 


The  accuracy  of  the  method,  when  the  aluminum  chloride  content 
is  below  2$,  is  ±0.1555. 

In  order  to  determine  the  content  of  soluble  aluminum  oxide 
in  hydrochloric  acid,  the  complexometric  method  was  used,  based 
on  the  ability  of  aluminum  with  trilon  B  to  form  complex  compounds 

[179]. 

Since  aluminum,  aluminum  chloride,  aluminum  nitride,  and 
ferric  oxide  are  dissolved  in  hydrochloric  acid,  they  are 
titrated  along  with  a  soluble  oxide;  then  their  content,  found 
by  other  methods,  is  recalculated  for  aluminum  oxide  and  subtracted 
from  the  mound  of  soluble  aluminum  oxide  obtained.  When  the 
aluminum  oxide  content  is  approximately  4$  or  more,  the  accuracy 
of  the  method  is  ±0.555. 

After  the  determination  of  soluble  aluminum  oxide  in  a  batch, 
an  insoluble  residue  can  remain,  which  is  insoluble  aluminum  oxide. 

It  is  analyzed  by  melting  with  potassium  bisulfate  (converted  to 
a  soluble  salt )i  and  the  melt  is  dissolved  in  hydrochloric  acid 
and  filtered.  The  aluminum  oxide  content  in  the  filtrate  is 
determined  by,  the  complexometric'  method.  With  an  aluminum  oxide 
content  of  96%  the  accuracy  of  the  method  Is  approximately  ±1.0$. 

Existing  methods  of  determining  the  disperslty  of  highly 
dispersed  powders,  based  on  counting  and  establishing  particle 
sizes  by  optical  and  electron  microscopes,  are  tedious  and  require 
large  expenditures  of  time.  Methods  which  are  more  progressive 
in  this  respect  are  based  on  the  measurement  of  light  absorption. 
However,  it  should  be  noted  that  they  can  be  used  only  for  powders 
with  particles  of  less  than  50  ym.  Dispersity  is  measured  based 
on  the  intensity  of  the  light  passing  through  a  layer  of  suspension 
of  a  certain  thickness  [40,  180-183].  Depending  on  whether 
instantaneous  photometric  measurement  is  performed  or  the  suspension 
sedimentation  is  recorded  over  time,  we  can  find  the  specific 

surface  area  and  the  distribution  curve  of  particles  according 
to  size. 
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Gumprecht  and  Sliepcevlch  [184]  gave  the  mathematical  basis 
for  obtaining  the  distribution  curve  of  particles  according  to 
size  in  polydispersed 'systems  by  measuring  the  light  transmission 
of  suspensions  in  the  process  of  sedimentation.  Prop  [ 1 8 5 ] 
created  a  semiautomatic  instrument  for  analyzing  powders  with 
a  dispersity  from  1  to  40  ym.  However,  as  Beigin  and  Butler  [186] 
indicated,  although  optical  determination  during  sedimentation 
is  very  convenient,  the  decoding  of  experimental  data  required 
rather  long  and  complex  computations.  Pechkovskaya  and  colleagues 
[187]  used  the  tubidimetric  method  for  studying  the  dispersity  of 
carbon  black.  They  measured  the  optical  density  of  a  suspension 
in  monochromatic  beams  of  light  with  various  wavelengths.  The 
greater  the  dispersity  of  particles  of  the  suspension,  the 
greater  the  difference  between  the  optical  densities  of  the 
suspension  and  beams  of  light  with  various  wavelengths  and  the 
colorimetric  number  which  served  as  the  criterion  of  dispersity. 

“•  v  *:•*  -  ••  •  . 

Using  the  turbidlmetric  method,  we  can,  by  measuring  the 
intensity  of  incident  and  passed  light,  calculate  the  specific 

o 

surface  area  of  a  powder  according  to  the  formula  proposed  by 
Rose  [188] 


4  , 

-s,’“  ci  1,1  ;  ’ 

O 

where  c  is  the  concentration  of  the  suspension,  g/cmJ;  l  is  the 
thickness  of  the  suspension  layer,  cm;  IQ  and  I  are  the  intensities 
of  incident  and  passed  light,  respectively. 

With  this  method  we  can  obtain  reliable  results  when 
analyzing  powder  with  a  particle  size  below  1  ym.  There  are 
correction  factors,  introduced  by  Rose,  which  depend  on  the 
range  of  dispersity. 
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Aksenov  and  Kuchenogiy  [189]  developed  a  photoelectric  device 
for  the  automatic  computation  and  determination  of  particle  size 
on  a  VDK-iJ  continuous-flow  ultramicroscope.  The  device  is  assembled 
on  semiconductors j  which  enables  it  to  operate  both  in  stationary 
conditions  and  in  the  field.  Along  with  computing  the  total  number 
of  particles,  this  device  sorts  them  according  to  size,  using  the 
principle  of  differential  amplitude  discrimination  simultaneously 
along  eight  channels  [190]. 

The  results  of  tests  wherein  concentration  was  measured 
both  visually  and  by  the  photoelectric  device  in  the  aerosol 
particle  size  range  (according  to  data  from  microscopic  analysis) 
from  0.3  to  2  um  in  diameter  (root-mean-cube  diameter  was  0.8  pm), 
showed  that  with  a  variation  in  particle  concentration  from 
3 . 102  to  2*10^  cm”^  the  measurements  from  both  methods  agreed,  on 
the  average,  within  20 % .  Within  these  limits ,  the  results  of 
measurements  did  not  depend  on  the  counting  rate  with  a  variation 
in  the  latter  from  100  to  1000  pulse/mln.  The  maximum  rate  of 

osteration  through  the  container,  at  which  there  is  still  no 

3 

noticeable  distortion  in  the  counting  results,  is  ^150  cm  «s. 

This  instrument  can  be  particularly  useful  in  counting  highly 
dispersed  condensed  particles  sampled  by  various  methods  during 
the  burning  of  metallized  condensed  systems. 

A  detailed  analysis  of  various  methods  and  instruments 
developed  in  the  USA  for  determining  dlspersity  (particle  distribu¬ 
tion  according  to  size)  and  partial  concentration  is  given  in 
[191-192]  and  a  detailed  analysis  of  those  developed  in  the 
Soviet  Union  is  given  in  [193,  19*0. 

It  is  known  [195,  196]  that  the  initial  stage  in  the  burning 
of  condensed  systems  occurs  in  the  reaction  layer,  in  which  total- 
exothermic  processes  of  decomposition  and  dispersion  of  the  larger 
part  of  the  condensed  substance  take  place. 
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At  thfc  present  time  there  are  many  works  [6,  197-201]  dealing 
with  studies  of  the  structure  of  the  burning  surface  in  propellants 
both  with  and  without  the  addition  of  aluminum.  Watermeier  and 
colleagues  [202]  made  a  photographic  study  of  the  burning  surface 
of  a  propellant  consisting  of  nitroglycerin,  nitrocellulose, 
and  ammonium  perchlorate  with  the  addition  of  aluminum  with  various 
dispersities  and  concentrations.  The  tests  were  performed  in  a 

constant-pressure  bomb  in  the  12-55  atm  range.  During  the  burning 
the  surface  of  the  specimen  was  illuminated  since  the  illumination 
of  the  burning  surface  by  the  tongue  of  the  flame  was  insufficient 
for  movie  photography.  Based  on  experimental  data,  the  authors 
concluded  that  aluminum  melts  on  the  burning  surface  of  the 
propellant  at  all  pressures  (however,  the  temperature  of  the 
burning  surface  was  not  measured).  In  certain  cases,  drops  of 
metal  on  the  surface  began  to  burn  or  evaporate  since  a  trace  of 

flame  in  the  form  of  smoke  was  observed  coming  from  the  metal 

drop  and  directed  toward  the  high-temperature  zone  of  the  flame. 

The  following  phenomena  were  observed  during  the  burning  process. 

1)  Drops  of  aluminum  grew  in  diameter  as  they  moved  along 
the  burning  surface  and  coagulated  with  other  drops;  then  the 
metal  agglomerates  formed  were  carried  to  the  flame  zone. 

2)  Part  of  the  drops  remained  in  place  for  several  milli¬ 
seconds;  the  drops  grew  in  diameter  and  then  were  carried  to 

the  tongue  of  the  flame;  the  phenomena  observed  are  proof  of 
the  process  of  adhesion  (agglomeration)  of  aluminum  on  the 
burning  surface  of  the  propellant. 

A  study  of  the  structure  of  the  burning  surface  of  a  mixed 
propellant  (on  a  base  of  APC  and  polybutadieneaerylic  acid)  with 
aluminum  additive,  made  by  Povinelly  and  Rosenstein  [203],  showed 
that  in  the  pressure  range  1-3-5  atm  metal  particles  moved  along 
the  prope]lant  surface,  with  an  increase  in  the  pressure  the  rate 
'T  their  motion  decreased.  The  phenomenon  of  metal  particle 
arg]  otn’Tatlon  was  observed. 
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According,  to',: he  authors'  hypothesis,  there  are  two  conditions, 
which  must  be  fulfilled  for  metal  agglomeration  to  occur  on  the  (  ■' 
burning  surface  of  a  propellant:  a)  particle'  residence  time  on 
the  burning  surface  must  be  greater  than  agglomeration  time; 
b)  agglomeration  time  must  be  less  than  burning  time. 

A  deficiency  of  [203]  is  the  absence  of  photography  as  well  as 
an  insufficient  quantity  of  experimental  data  for  the  statistical 
evaluation j?f  particle  motion  along  the  surface  of  the  propellant. 
There  is  also  an  indication  that  the  results  with  respect  to  the  .  > 
displacement  of  aluminum  particles  were  obtained  only  at  low 
pressures  since  at  higher  pressures  soot  shielded  the  burning 
surface  of  the  propellant.  For  this  reason,  Povlnelly  and  Rosenstein 
obviously  could  not  see  that  agglomeration  can  occur  even  in  the 
absence  of  particle  motion  along  the  burning  surface,  simply  from  ' 
the  accumulation  of  metal  on  those  sections  where  pyrolysis  of  the 
fuel  bundle  occurs  [172,  173] • 

Using  movie  photography,  Heath  and  Hirst  [199]  studied  the  ’ 
burning  surface  of  ballistite  propellant  (41$  natural  glycerin, 

48$  natural  cellulose)  under  conditions  of  a  Crawford  bomb. 
Frame-by-frame  filming  showed  that  on  the  burning  surface  there 
was  a  number  of  bright  spherical  particles  whose  size  reduced  wit u 
an  increase  in  pressure.  In  the  burning  process  the  observed 
particles  periodically  appeared  and  disappeared;  however,  on  the 
average,  their  number  on  the  burning  surface  was  approximately 
constant  and  their  residence  time  on  the  propellant  surface 
decreased  with  an  increase  in  pressure.  In  the  opinion  of  the 
authors,  the  observed. spherical  particles  are  gas  bubbles  on  the 
liquid- vis cous  burning  surface  of  the  powder. 

•  Silhouette  photography  of  the  burning  surface  of  a  composition 
based ’on  APC  and  polystyrene  [6 J  showed  that  oxidizer  particles 
emerge  over  the  middle  level  of  the  burning  surface.  In  this 
connection,  the  results  obtained  by  Pokhil  [20 4]  and  V’andenkerkhave 
[200]  are  of  interest.  Vandenkerkhave  indicated  that  at  low 


pressures  the  oxidizer  crystals  emerge  over  the  fuel-.  However*, 
at  increased  pressures  the  opposite  pattern  was  observed:  APC 
crystals  ^rere  found  on  the  bottom  of  small  grooves  and-  the  visible 
surface  consisted  generally  of  distinct  peaks  of  protruding  fuel. 
Studies  of  the.  structure  of  the  burning  surface  of  model  propellant, 
(on  a  base  of  APC  and  a  number  of  fuels)  extinguished  during 
burning ^performed  by  Pokhil  and  Romodanova  [204],  showed  that  at. 
low 'pressures  (in  vacuum)  the  oxidizer  crystals  protrude  beyond 
the  middle  level  of  the  burning  surface.  Eetween  the  crystals 
there  are  depressions  in  which  the  fuel  is  located.  It  was  found 
that  the  larger  the  initial  crystals  the  more  they  protruded  over 
the  surface  of  the  propellant.  As  pressure  increased  the  protruding 
APC  crystals  decreased;  with  a  pressure  above  30  atm  crater 
depressions  were  formed  at  the  location  of  the  oxidizer  crystals. 

The  authors  explain  this  effect  by  the  fact  that  at  a  pressure 
below  30  atm  APC  does  not  burn  stabily,  while  at  pressures  above 
30  atm  it  is  capable  of  burning  Independently  and  during  the 
burning  process  the  fuel  disappears  more  rapidly,  which  leads  to 
the  appearance  of  craters.  In  connection  with  this,  the  study 
made  by  Hightower  and  Price  [201]  is  of  interest.  They  investigated 
the  surface  of  single  APC  eryovds  in  the  20-190  atm  ran"'  . 

Depending  on  pressure,  the  burning  surface  is  represented  as  a 
series  of  channels,  troughs,  and  craters  with  heights  of  ^29  um; 
the  shape  of  the  surface  remains  relatively  constant  while  the 
burning  surface  moves  for  a  distance  on  the  order  of  1  mm. 


Pig.  30.  Photographic  method 
of  studying  a  burring  surface. 

1  -  Powder  charge;  2  -  electri¬ 
cally  heated  furnace;  3  -  chamber; 
4  -  window;  5»  5*  -  lenses;  6  - 
xenun  lamp;  7  -  movie  camera. 
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The  original  method  .for  studying  the  structure  of  a  burning 
surface  was  developed  by  Pokhll  and  colleagues  [1??]  (Fig,  30). 


The  studied  specimen  of  propellant  1  was  placed  in  a  constant- 
pressure  bomb  [cylinder]  3  inside  which  pressure  could  bo  oreated 

-2  i 

from  10  mm  Hg  to  40  atm.  For  observation  during  the  burning 
process  the  bomb  is  equipped  with  plexiglas  windows  4  installed 
at  a  45°  angle  to  "the .burning  surface  of  the  studied  specimen. 

For  preheating  the  specimen  in  vacuum  conditions  (where  the  heat 
released  from  the  total-exothermic  reactions  of  the  decomposition 
of  condensed  phase  is  insufficient  for  self-propagation  of  the 
burning  process),  an  electrically  heated  furnace  ?.  was  used. 

The  movie  camera  was  attached  to  a  special  rail  at  a  45°  angle. 

This  allowed  the  geometric  inhomogeneitie3  of  the  burning  surface 
to  be  revealed.  Preliminary  tests  showed  that  filming  the  burning 
surface  of  a  propellant  without  external  lighting  is  ineffective 
since  the  illumination  of  the  surface  from  its  own  radiation  and 
the  radiation  of  the  flame  alone  is  too  weak.  For  this  reason, 
powerful  lighting  achieved  by  a  DKSSh-1000  xenon  lamp  6  was  used. 


In  [173,  206]  a  method  was  developed  for  measuring  the 
temperature  along  the  height  of  the  tongue  of  flame  from  metallised 
solid  propellant  by  the  brightness-spectral  method  (Fig.  31). 


The  powder  specimen  10  to  be  burned  was  placed  in  a  constant- 
pressure  bomb  I  'the  design  of  the  installation  was  developed  at 
IKhF  [Institute  of  Chemical  Physics]  of  the  Academy  of  Sciences, 
USSR) , in  a  nitrogen  atmosphere  and  was  ignited  from  the  end  by 
a  mi chrome  spiral.  The  surface  of  the  specimen  was  armored  in 
order  to  exclude  the  possibility  of  a  flame  flashback  along  the 
side  surface.  To  monitor  the  burning  of  the  propellant  charge 
and  to  obtain  a  high-quality  picture  of  the  process  a  SKS-I 
movie  camera  was  used. 
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radiation  from  fcho  ton«uo  of  the  flam#  ©r  t  ap&uimen 
of  aolid  rooket  propellant  [THT]  wa@  projeotod  by  the  Iona  to 
the  input  slot  of  an  l;U*-t»l  apeotrograph  3  in  a  lil  ratio,  A 
glass  lens  with  F  *»  310  mm  was  used.  The  speotrograph  slot 
mad©  it  possible  to  vary  the  width  of  the  defined  section  of 
the  flam©  none  from  J?$  to  'i00  pm.  in  addition*  on  the  slot  of 
the  upeotrograph  were  attached  two  metal  plates  whioh  limited 
the  slot  in  length  to  a  dimension  equal  to  ©r  leas  than  the 
diameter  of  the  specimen.  ttue  to  the  high  temperature  gradients 
in  the  flame  front,  it  is  doairablt,  in  this  ta*t,  to  work  with 
**  narrow  a  beam  as  possible  for  the  best  spatial  resolution. 


Ar~C 
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Fig.  31.  An  optical  method  of 
measuring  the  temperature  of 
the  flame  from  a  nolid  propel¬ 
lant.  1  -  Constant-pressure 
bomb;  ?  -  13P-53  spectrograph ; 

3  -  FEP-1  photoelectric  device; 
a  -  photomultiplier;  5  -  am¬ 
plifier;  6  -  loop  oscillograph; 
T,  ?'  -  difdc-baff'les ;  8  -  3KS-1 
movie  camera;  9  -  xenon  or 
tungsten  lamp;  .10  -  powder 
specimen . 


The  t runs 1 1 i umi nation  of  the  flame  was  done  with  u  carbon 
arc,  a  standard  r.tbbori-fi lament  lamp,  or  a  DKSon-lQOQ  xenon 
lamp  9.  A  RO-56  lens  was  used  for  intermediate  focusing,  in 
the  plane  of  which  was  placed  a  disk-baffle  7  to  cover  the  light 
signal  from  the  lamp.  Then  the  light  flux  front  the  comparison 
source  9  was  projected  onto  the  flame  of  the  burning  propellant 
specimen  by  a  Jupiter-9  lens. 


At  the  output  of  the  spectograph  there  was  an  FEP-13 
photoelectric  attachment  which  was  used  in  place  of  the  FKU-J12 
photomultiplier  which  has  good  stability  and  low  leakage  current. 
The  output  slot  of  the  FhP-I  was  selected  so  that  the  wavelength 
of  interest  could  be  isolated  from  the  spectrum  of  the  flame. 
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In  measuring  th@  tamperafeur*  af  flam#  from  mtfcf'lUMd 
powder©  the  region  of  the  u«dium  iMin*  wa@  m©‘it  fp#quenUy 
sweated,  For  th©  following  reason©  i  a)  a  vary  email  amount 
of  sodium  provider  intensive  radiation  (the  sodium  introdueed 
during  prop©  limit.  preparation *du©  to  so-oaUsd  "contamination, "  la 
sufficient)^  b)  the  radiation  of  sodium  atoms  le  usually  in 
thermodyanmie  equilibrium}  oi  the  optimum  aonaitivity  of  the  ©y © 
in  the  yellow  part  of  the  spectrum  raakti  it  convenient  for 
focusing  and  adjusting  the  installation.  The  linear  variance 
of  the  HSP-I  is  approximately  AO  A  in  1  tun  in  the  region  of  the 
yellow  sodium  doublet,  which  ensure©  a  more  aoourat©  Isolation 
of  thin  spectral  lino. 

*,  x 

#' 

i 

The  above  doaoribod  installation  makes  it  pcfiaibl©  to 

l  s 

meiOiUiU  temperature  along  the  height  of  the  tongue  of  flam® 
from  a  burning  charge  of  TRT  both  by  the  method  of  rotating 
the  sodium  spectral  line  (if  deal  red,  lithium,  cesium,  and 
other  metals  and  compound©  of  them  can  be  introduced  into  the 
flame  and  temperature  con  be  measured  according  to  their  resonance 
linos)  and  by  the  brightness  method  ( radiation-absorption)  within 
the  range  ,l?QQ-A[>COpK,  Tomporatur©  can  be  measured  in  a  wide 

O 

rung©  of  the  spectrum  SQOO-hhOO  A, 

A  description  of  optical  methods  for  measuring  the  temperature 
of  t;he  burning  surface  of  powder  can  bo  found  in  [207-210), 

In  our  book  it  is  not  possible  to  pause  on  such  important 
problems  in  the  creation  of  optical  methods  for  temperature 
measurement  as  the  dependence  of  measurement  acouraoy  on  the 
(Spectral  region  used,  as  the  value  of  the  radiative  capaoity 
Of  the  flame,  the  spectral  composition  of  the  radiation,  the 
heterogeneity  of  the  flame  of  metallized  propellants  (it  should 
be  rememberod  that  the  radiative  capacity  of  particles  and  flame 
can  be  different),  the  scattering  of  flame  radiation  by  fine 
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particles,  and  tob®  st'i  f-afeuorpfeion  $f  radiation  in  the  outer 
oold  gaa  layer  of  the  flamo1®  tongue,  Therefore!  we  aha, 11  only 
wferenoe  the  original  work  where  theie  problems  are  di® cussed 
in  detail  and  undergo  the  naeeasary  analysis  [m»  173,  211-23*13, 

To  study  the  burning  of  metal  partlelei  in  various  aggressive 
media,  tracking  methods  were  developed  £  162-16*5 3,  One  of  the 
installations  id  presented  in  Fig,  3$.  Aggressive  gases  (oxygen, 
chlorine,  nitrous  oxide)  were’ fed  from  cylinders  with  the 
appropriate  compressed  gas  and  steam  was  red  from  a  boiler  with 
an  eleotrio  heater.  Temperature  was  controlled  with  a  platinum- 
rhodium  thermocouple  within  a  10 Q , 

The  reaction  tracking  tubes  were  made  from  pyrex  glass  or 
transparent  quarts,  "owdar  waa  fed  into  the  tracking  tube 

by  a  special  slide  through  an  opening  in  it  near  the  inlet  from  the 
nosnle  of  the  tubular  furnace,  A  thermocouple  was  introduced 
into  the  same  opening  for  measuring  the  teuipurature  of  the  gat 
flow,  The  combustion  products  were  partially  deposited  on  the 
walla  of  the  tracking  tube;  Uiv  particles  which  were  not  deposited 
were  removed  by  an  electric  filter,  The  tracks  of  the  burning 
particles  wore  recorded  on  movie  and  photographic  film, 


Fig,  32,  Tracking  installation. 

1  *  Furnace ;  2  -  tub.*  for  introducing  metal 
particles ;  3  -  beaker  with  metal  particles j 
*}  -  vibrator ;  5  -  quarts  tube;  6  -  fireclay 
jaoket  with  electric  heater. 
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Speaferal  methods,  which  make  It  possible  to  study  the 
dfvsleprasnb  of  processes  over  time,  have  become  inert  and  more 
popular  in  recent  yeura.  Instruments  have  been  oonsbrviQtad  which 
record  ever  abort  parlous  of  time*  in  a  selsebeet  wavelength  range,, 
the  ftequeneb  of  an  object's  spectra  which  reflet  the  kinetics 
of  the  Proteus  £9 33-23?,  304 »  S3?  3. 


An  SSU  spectral  ^canning  device  based  on  an  SIM  apeotrophotoiR- 
etw  was  developed  by  hogaehev,  'Petukhov,  and  Shuotikova  in  39$3 
et  the  Institute  of  Chemical  Physios  of  the  Academy  of  Science, 

-fop  spectral  studies  on  the  burning  of  aluminum  and 
magnesium  particles  in  tbr  tongue  of  a  flame  from  condensed 
systems  in  the  high-temperature  region  (Pig.  33). 


The  radiation  of  a  tongue  of  flame  from  TRT  1,  pasuing  through 
the  quanta  glass  of  a  oonstant-presaure  bomb  2*  war  focused  on 
the  input  slot  of  an  S3Mi  apeotregmph  3.  Then  the  studied 
radiation  hit  the  prism  separating  the  light  and  was  directed 
to  the  output  slot  of  the  instrument  where  an  FKU-Hjj  and  an  FEU- 2 2 
radiation  receiver-photomultiplier  ?  was  located.  The  signal 
from  the  photomultipliers  was  amplified  10,  11  and  recorded  on 
an  N-106  loop  oscillograph  9.  The  frequency  '.haracteristics  of 
the  electronic  circuit  were  determined  by  the  natural  frequency 
of  th®  vibrators  (loops), 


The  rotation  angle  of  the  prism  6,  8,  the  time  marks  from 
the  GZ-IA  audiofrequency  oscillator  12,  and  the  pressure  in  the 
bomb  were  recorded  by  a  DD-10  induction  gauge  It  and  the  burning 
process  was  monitored  by  a  konvas  movie  cumera  15  simultaneously 
with  the  recording  of  the  radiation  spectrum  along  the  height  of 
the  tongue  of  flame  from  TRT, 


The  prism  of  the  SF-H  could  be  moved  by  the  scanner  H  with 
a  frequency  of  8,  12,  2H,  and  HO  Hz. 
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Fig.  33*  Spectral  installation, 
a)  Schematic  diagram;  b)  optical 
diagram,  1  -  Fowder  charge;  2  - 
constant-pressure  bomb;  3  -  rotary 
prism;  4  -  scanning  device ;  5  -  SF-4 
spectrograph;  6  -  optical  system  of 
the  prism  rotation-angle  recorder} 

7  -  photomultiplier}  8  -  current 
source}  9  -  oscillograph;  10  -  cathode 
follower}  11  -  do  amplifier;  12  - 
audiofrequency  oscillator;  13  -  ID-GI 
amplifier;  14  -  DD-10  pressure  gauge; 

15  -  movie  camera;  16  -  electric 
motor;  17  -  power  unit  of  mercury- 
Vapor  lamp;  18  -  mercury- vapor  lamp; 

19  -  disk-baffle;  20  -  quartz  lenses; 

21  f  quartz  glass  of  oonstant-pressure 
bomb;  22  -  rotary  mirror;1  23  -  filter;1 
24  -  input  and  output  slot;  25  -  mirror 

lens;  26  -  prism  of  the  instrument. 

\ 
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The  SSU  made  it  possible  to  obtain  30-50  (depending  on  the 
burning  time  of  the  TRT  specimen)  spectrograms  along  the  height 
of  the  tongue  of  flame  from  the  TRT  in  one  test. 

The  recording  time  for  one  spectrogram  varied  from  ^5  ms  to 
9  ms  with  prism  swing  frequencies  of  8  and  40'-'Hz'->  respectively. 
The  off-duty  factor  of  the  instrument  (the  ratio  of  the  time 
interval  between  two  successive  recordings  of  the  spectrum  to 
the  time  required  to  record  the  -spectrum)  was  3-3.5. 
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CHAPTER  III 

'■  ^  v.  . . 

IGNITION  OF  FINELY  DISPERSED  METAL  -  5 '  j  ‘  " 

Metals  can  be  conditionally  broken  down  Into  two  categories 
from  the  point  of  view  of  the  characteristic  features  of  the 
ignition  and  burning  process.  The  first  category  consists  of 
volatile  metals  (magnesium,  etc*)  which  are  in  solid  state  before 
ignition  and  which  do  not  form  a  solid  protective  oxide  coating 
on  the  surface  during  oxidation. 

The  second  category  can  include  aluminum,  beryllium,  and 
others  during  whose  oxidation  a  dense  protective  oxide  layer  is 
formed  on  the  surface.  For  them  the  melting  and  boiling  points 

d  boiling  points  of  the 

erent  characteristic 
tion  and  burning.  These 
lifference  in  the  temperature 
well  as  in  the  overall 
;e  of  oxidation. 

'.studying  the  processes  of 


of  the  oxide  are  above  the  melting  ar 
pure  metal. 

These  groups  of  metals  have  diff 
features  and  regularities  during  ignL 
characteristics  are  manifested  in  a  1 
and  t,ime  regimes  of  the  processes  as 
pattern  of  metal  behavior  at  any  stag 


In  the  general  case,  methods  fo:1 
metal  ignition  include  the  following 


r^iv-.  x  1.  Continuous  high-speed  microfilming  of  the  studied  object 
during  the  entire  heating  time  up  to  the  moment  of  transition  to 
stationary  burning.  Preference  is  given  to  an  experimental 
study  of  the  ignition  of  fine  wires  since  this  makes  it  possible 
to  localize  the  position  of  the  observed  object  in  time  and  space. 


2.  Visual  observation  of  the  studied  object  with  high- 
resolution  microscopes.  In  this  case,  preference  is  given  to  the 
study  of  separate  particles  selected  and  "extinguished”  at  various 
.stages  of  heating  and  to  the  processes  of  low-temperature  oxidation 
of  metals  in  various  active  media. 


With  a  combination  of  these  methods  very  interesting  details 
In  the  development  of  the  ignition  process  of  metal  particles  in 
active  media  have  been  revealed. 


§  1.  Ignition  of  Aluminum 

'  f'  '  •  •  *  *>.''•  -  ' 

(■'  ■  ■  ■  * 

-  -  *  4  •  •• .  » 

1.  General  Pattei’n  of  Ignition 

..  V  '  *  > 

.  Brzustowski,  Glassman,  and  Mellor  [235-233]  studied  the 

various  stages  in  the  ignition  of  fine  aluminum  wires  (diameter 
0.89  mm,  length  8-11  mm)  in  a  gaseous  medium  of  oxygen,  water 
vapor,  carbon  dioxide,  and  argon,  used  in  different  combinations 
and  ratios.  Straight  or  L-shaped  anodized1 and  nonanodized  wires 
'  of  high  purity  were  used  in  this  study.  The  wires  were  heated 
by  passing  an  electric  current  along  them.  Depending  on  the 
specific  conditions,  two  types  of  ignition  were  noted. 


The  ignition  of  anodized  aluminum  in  an  atmosphere  of  ■ 

carbon  dioxide-argon,  water  vapor-argon,  and  carbon  dioxide- 

water  vapor,  not  containing  oxygen  in  free  state  (P  <  2  atm). 

Is  characterized  by  the  appearance  of  a  cylindrical  vapor-phase 

flame  (Fig.  3*0  at  a  certain  distance  from  the  surface  of  the 

Wire,  which  lasted  until  the  wire  was  destroyed. 

- - . -  o 

1 As  a  result  of  anodizing,  an  outer  porous  layer  500  A  thick 
and  an  inner  thinner  layer  with  protective  properties  are  formed 
on  the  wire. 

■  ;  .  .**'*■’■  -  '  =*'  * 
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In  the  case  of  an  L-shaped  configuration,  the  flame,  as  a 
rule,  appeared  on  the  vertical  arm..  Initially  it  occurred  at. 
spots  where  melted  metal  was  concentrated,  maintained  by  a  solid 
or  extremely  viscous  oxide  film.  The  expansion  and  stretching 
of  the  oxide  shell  at  these  places  apparently  facilitated  the 
diffusion  of  aluminum  vapors  outward  and  contributed  to  their 
ignition.  Then  the  flame  was  rapidly  propagated  along  the  wire. 
The  propagation  rate  along  anodized  wire  was  higher  than  along 
pure  metal.  Simultaneously,  "streamers'’  of  vaporous  metal 
appeared  on  the  surface  (see  Fig.  3*0.  These  were  mc>3t  frequently 
observed  on  anodized  aluminum. 

With  the  second  type,  aluminum  ignites  at  the  moment  of 
direct  contact  between  the  active  liquid  metal  and  the  oxidizing 
medium.  The  process  has  a  predominately  surface  nature.  However, 
vapor— phase  ignition  is  not  completely  excluded.  Its  probability 
depends  on  the  total  pressure,  the  temperature  of  the  medium, 
the  oxygen  concentration,  and  the  aluminum  vapor  pressure  at  the 
moment  of  the  wire's  destruction.  Ignition  of  this  type  is 
characteristic  for  aluminum  wires  heated  in  an  atmosphere  of  pure 
oxygen  or  in  a  medium  containing  oxygen  [239]-. 
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'  '  In  all  cases,  regardless  of  pressure  or  oxygen  concentration, 

ignition  was .established  on  the  sudden  appearance  of  a  bright  glow 
or  flash  on  the  surface  of  the  wire  (or  very  near  it).  If  the 
oxygen  concentration  in  the  medium,  by  volume,  did  not  exceed  50*, 
ignition  coincided  with  the  beginning  of  destruction  and  then 
changed  to  a  stationary  burning  regime  which  developed  at  the 
location  of  the  rupture.  •••;  ’ 

With  a  higher  oxygen  concentration  (50*  by  volume)  ignition 
was  very  rapidly  propagated  from  the  initial  point  of  origin  to 
the  ends  of  the  wire.  ’As  a. result  of  the  melting  of  the  oxide 
film,  the  specimen  broke  up  into  a  series  of  independently 
burning  drops  of  aluminum  under  the  effect  of  surface  tension 
forces.  The  initial  coating  of^.the  aluminum  by  the  amalgam' 
facilitated  ignition.  If  the  coating  was  local,  the  ignition 
origin  points  always  coincided  with  the  amalgamation  sites. 

It  was  characteristic  that  such  treatment  had  virtually  no  effect 
on  the  burning  process  Itself.  -- 

Thus,  the  experiments  revealed  the  following. 

1)  If  the  main  oxidizing  reagent  in  the  medium  is  oxygen, 
ignition  of  the  wire,  as  a  rule  (at  p  -  1  atm),  coincides  with 
the  moment  of  its  destruction  as  a  result  of  the  direct  contact 
between  the  pure  aluminum  and  the  oxygen. 

2)  If  oxygen  is  present  in  the  ambient  medium  in  bound 
state  (in  the  form  of  H20  or  C02)  or  if  its  concentration  Is 
low  (at  low  pressure  p  <  *  atm),  Ignition  of  the  aluminum  begins 
In  gas  phase  as  a  result  of  the  diffusion  of  metal  vapor  through 
the  oxide  film.  The  wire  does  not  lose  Its  integrity  at  the 
moment  of  Ignition. 

v  The  pattern  of  development  of  the  process  does  not  depend 
qualitatively  on  the  degree  of  activity  of  the  medium  (concentra¬ 
tion  of  the  inert  diluent)  or  the  type  of  gas-oxidizer  (H20,  C02 , 
etc.) . 
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Ignition  of  finely  dispersed  powdered  aluminum  is  also 
characterized  by  the  sudden  appearance  and  sharp  increase  in  the 
intensity  of  particle  glow. 

The  particles  -  of  aluminum  collected  directly  before  ignition 
are  always  spherical  regardless  cf  the  shape  of  the  initial 
particles  of  powder.  At  the  moment'  of  ignition  they  are  in 
a  molten  state  and  coated  with  a  solid  protective  oxide  film. 

Figure  35  is  a  photograph  of  aluminum  particles  collected 
with  a  heat-transfer  plate  from  a  flame  of  H^—o^  directly  from 
the  ignition  zone.  During  the  period  of  particle  selection  and 
cooling.,  a  group  of  fine  (^5  uni)  oxide  drops  separated  from  the 
particle  and  formed  a  peculiar  trail  along  the  path  of  particle 
motion..  Larger  particles  (150-200  pm) fragmented  at  the  moment 
of  impact  with  the  sampling  plate;  the  fragmentation  was  accompanied 
by  the  formation  .of  radial  tracks  (Fig.  36)  [139]. 


Fig.  35-  Aluminum  particles  collected 
from  the  ignition  zone. 


Fig.  36.  Fragmentation  of  an  A1 
particle  (d  »  150  pm)  on  the  sampler 
plate. 

Visual  observations  (microfilming)  of  the  flight  of  the 
partioles  revealed  the  fact  that  on  the  aluminum  surface  directly 
before  the  flash  individual  bright  spots  appear.  It  can  be 
assumed  that  the  appearance  of  these  spots  is  connected  either 
with  the  surface  glow  ot  the  pure  metal  which  has  been  suddenly 
freed  of  the  oxide  film  or  with  phase  changes  (for  example, 
melting)  which  occur  in  the  oxide  layer  coating  the  particle. 

This  has  a  local  character. 

The  glow  \')f  the  particle,  which  increases  slightly  with 
time  during  the  warm-up  period,  ends  with  a  sharp  flash  and 
with  the  formativ-.i  around  it  of  a  uniform  brightly  glowing 
spherical  zone.  The  diameter  of  this  zone  exceeds  the  diameter 
of  the  original  aluminum  by  a  factor  of  1.5-3.  The  dynamics 
of  the  process  has,  qualitatively,  much  in  common  with  the  process 
of  aluminum  wire  ignition.  The  transition  from  a  weak  glow  to 
a  flash  is  completed  in  less  than  0.1-0,15  ms. 


Very  interesting  information  [2^0]  has  been  obtained  in  a 
study  of  particles  subjected  to  intensified  cooling  at  various 
stages  of  heating. 

The  surface  of  these  particles  (Fig.  37),  just  as  th  :t  of 
initial  particles,  is  coated  with  a  dense  solid  oxide  film. 
However,  it  differs  in  structure  from  the  smooth  and  comparatively 
even  surface  of  the  initial  particles:  it  is  speckled  with  -small 
shallow  and  randomly  arranged- creases  and  folds. 

Such  a  surface  is  formed  during  a  change  in  the  temperature 
conditions  ( cooling)  of  a  body  coated  with  a  thin  layer  of  material 
having  a  low  (with  respect  to  the  body)  coefficient  ( volumetric ) 
of  thermal  expansion  0.  The  layer  of  aluminum-aluminum  oxide, 
from  this  point  of  view,  satisfies  the  above  requirements: 

|i\i  n,  flAi  3.V«.  10-'  deg  ^  in  the  range  /'  .  fit  —  I^ki  |dAi «», ■- •  *U’ 

deg-'*'  in  the  range  T  =  '500~600°C, 


j’lg.  37.  Surface  of  initial 
spherical  particle  before 
heating  (a)  and  after  passing 
through  the  flame  zone  with¬ 
out  ignition  (b). 


During  heating,  the  thermal  expansion  of  metal  (when  particles 
are  heated  from  300  to  2300°K,  volume  inorearea  by  approximately 
30 Jl)  is  accompanied  by  reactions  of  surface  oxidation  which 
restore  t,ne' continuity  of  the  oxide  coating,  l'f*  for  any  reason, 
heating  is  stopped,  the  aluminum  while  oooling  can  deform  the 
thin  oxide  film  which  coats  it,  na  indicated  above. 

More  specific  data  on  the  change  in  aluminum  particle  shape 
with  an  increase  in  temperature  tip  to  1*<0G°C  are  presented  in 
reference  [2*11].  The  following  three  methods  and  particle 
heating  regime  in  an  air  medium  are  used; 

\ 

1)  heating  at  a  rate  of  500°G  per  minute,  on  the  stage  of 
a  microscope,  to  a  temperature  of  600  (below  the  melting  point 
of  metal),.  600  (above  the  melting  point  of  aluminum),  85*1,  1040, 
and  1200°C; 

2)  heating  at  a  rate  of  1000°C  per  minute,  on  a  sapphire 
d-’sk,  up  to  a  temperature  cf  1*i00°C; 

3)  heating  by  the  radiation  of  a  C02  laser;  heating  rate 
10,000°C  per  minute. 

The  surfa^  of  the  initial  particle  (d  ■  100-125  urn)  was 
similar  in  shape  and  structure  to  the  sux'face  of  a  leather  ball 
(see  Pig.  37).  With  heating  up  to  600°C  (regardless  of  heating 
rate)  the  particle  undergoes  no  changes;  above  690°C,  i.e., 
above  the  melting  point  of  the  metal,  slight  individual  distur¬ 
bances  begin  to  appear  on  the  surface.  The  joining  (fusion)  of 
touching  particles  was  being  observed  (Pig.  38). 
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Heating  parti  aloe  to  8ii*j°G  ;i  ads  to  the  cracking  of  tb© 
surface  ?uut  the  formation  of  wrinkles  on  it  after  cooling.  A 
further  inoroaro  In  temperature  up  to  1Q*}0°C  oauaea  more  abrupt 
changes.  Many  of  the  cooled  particles  are  broken.,  "rumpled” 

(Fig,  39a)  »  or  hollow.  Tho  thin  oxide  shell  peel-  from  the 
metal.  Tho  inner  surface  of  the  shell  ia  even  and  smooth}  the 
outer  ia  rougher,  The  shape  of  the  hollow  shells  remains  spherical 
no  folds  or  arouses  are  present.. 

At  120n-li»00°C  the  pattern  in  general  la  repeated;  however, 
the  thickness  of  tho  wa.11.3  of  the  oxide  shells  increases  somewhat 
and  their  surface  becomes  more  grooved  and  rougher  (see  Fig.  39c). 

Increasing  the  heating  rate  to  1000°C  per  minute  at  l^OO^C 
causes  a  sharp  decrease  In  the  wall  thickness  of  the  shells } 
they  are  now  coated  with  numerous  nodes,  seams,  and  cracks 
(Fig.  ho ) .  Such  a  structure  oan  be  formed  if  during  high-speed 
heating  the  protective  film  on  the  particle  cracks;  in  the  cracks 
pure  metal  appears,  which  upon  contact  with  the  air  oxides  rapidly 
with  the  formation  of  seams  and  bulges. 
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Fig,  39 *  Surface  of  particles  (a)  and  oxtdo 
bholl  (b,  o)  after  the  high-temperature  heat¬ 
ing  of  A3,  in  air  to  10<IQ“C  (a,  b)  and  1200°C 
( o) ,  ’ 

Designation:  mh  *  ym. 

The  presence  of  connections  between  touching  particles  is 
noted  [?Al.].  Their  appearance  is  apparently  the  result  of  the 
thermal  cracking  of  the  oxide  film,  which  makes  possible  dlreot 
contact  between  the  molten  metal  of  neighboring  particles. 

An  increase  in  heating  rate  with  the  use  of  a  laser  technique 
did  not  reveal  any  additional  details  except  for  a  decrease  m 
the  total  number  of  cases  of  portiole  fusion  at  high  temperatures 
(14006C). 
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i'lff.  kQt  Outer  (a,  b)  ?.\nd  inner*  fo.  d) 
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Th®  ho J  low  spheres ,  the  oorr,p.le*  .uruuturoa  of  the  shells  and 
oxide  films,  the  fusion  of  separate  aluminum  particles,  and,,  finally 
the  existence  of  a  fine  subdispersed  condensate,  which  is  character! 
latio  for  the  burning  of  aluminum  In  vapor  phase,  can  be  considered 
aonfi.rma.ti on  of  the  populate  concerning  (.he  probability  of  a 
process  of  aoti/«  oxidation  and  evaporation  of  aluminum  at  tempera¬ 
tures  below  boiling. point  of  the  metal. 


The  protective  oxide  film  which  coats  the  surface  of  particles 
during  heating  can  undergo  substantial  changes  even  below  the 
melting  point  of  These  changes  affect  the  protective 

functions  of  the  film.  With  high  heating  regimes  the  surface  of 
the  aluminum  can  be  partially  uncovered,  thus  facilitating  evapora¬ 
tion  or  direct  contact  between  the  metal  and  the  oxidizing  medium. 
The  latter  la  inseparably  connected  with  the  problem  of  aluminum 
ignition. 


I  1 1 


S’ "ii.  *  •• 

.  Ignition  Temperature 

f  ;'■■■  :-  if  -■•■ ;:  '  ^  \  ■•• 


k.  ».•„  '  i. 


if-m--':  The  first  attempts  to  ignite  single  particles  of  aluminum 
ij  in  heated  furnaces  and  tracking  installations  were  not  successful. 
’  Ignition  took  place  only  after  the  particles  were  heated  to  a 

e?'  certain  -  and  very  high  -  ignition  temperature.  Hill  [2*12]  could 

:  not  ignite  aluminum  specimens  in  oxygen,  and  nitrogen  (p  <  1  atm) 
at  a  temperature  below  660°C.  It  is  pointed  out  [1*153  that  at 
/  the  moment  of  ignition  the  tempe’rature  of  aluminum  exceeds  the 

K  melting  point  of  the  metal  -  973°X.  Cassel  and  Liebman  [136] 

if. 

fe  ,  could  not  observe  the  ignition  of  aluminum  when  the  temperature 
of  the  oxidizing  medium  was  below  1*1000C. 


In  a  flame  of  natural  gas  with  air  [138]  (1500°C)  isolated 
aluminum  particles  with  a  diameter  of  less  than  *1*1  ym  ignited. 

The  ignition  temperature  of  separate  aluminum  particles 
introduced  into  a  gas  flow  (flame)  with  uniform  temperature  field, 
composition,  and  rate  (^10  m/s)  was  studied  in  greater  detail  by 
Friedman  and  Macek  [133,  13*1].  A  uniform  gas  flow  was  created 
by  burning  a  propane-oxygen-nitrogen  mixture  or  a  carbon  dioxide- 
oxygen  mixture  in  a  flat  burner  whose  discharge  opening  was  covered 
with  a  metal  grid.  The  temperature  of  the  flame  was  calculated 

t 

according  to  the  composition  of  the  initial  mixture  and  according 
to  the  program  which  assumes  an  adiabatically  balanced  state  of 
the  medium  (see  Fig.  20).  The  size  of  the  aluminum  particles  did 
not  exceed  100  ym;  the  time  of  their  s-ay  in  the  flame  exceeded 
20-35  ms.  The  moment  of  ignition  was  established  by  the  abrupt 
appearance  of  a  bright  particle  glow. 

. .  ^  * 

Figure  *11  shows  the  critical  temperature  of  a  propane -oxygen- 
nitrogen  flame,  necessary  for  the  ignition  of  particles  35  ym 
in  diameter  depending  on  their  free-oxygen  content.  For  a 
stoichiometric  flame  the  critical  temperature  is  2270°K.  With 
an  increase  in  excess  oxygen  the  aluminum  ignition  limit  with 
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respect  to  temperature  drops  insignificantly  (by  60°K)  and  does 
not  depend  on  the  moisture  content  of  the  medium.  In  a  medium 
with  negative  oxygen  balance  the  oxidation  of  aluminum  occurs 
not  only  because  of  the  free,  oxygen  but  also  as  a  result  of  inter¬ 
action  with  water  (vapor)  and  carbon  dioxide.  The  growth  of 
critical  temperature  with  a  change  in  oxygen  concentration  in 
such  a  medium  occurs  abruptly.  Particle  size  has  no  effect  on 
ignition  temperature. 


Fig.  41.  Critical  temperature  of 
the  medium  upon  the  ignition  of 
A!  particles  in  a  propane-oxygen- 
nitrogen  flame. 


32  Ot,mole  f  In  region  II  there  is  no  burning. 
Melting  point  is  2300°K. 


Similar  results  with  respect  to  ignition  of  aluminum 
particles  35-45  pm  in.  diameter  have  been  obtained  in  a  constant- 
pressure  instrument  at  elevated  pressure  [135]  .(Fig.  42). 

Thus,  according  to  Friedman  and  Macek,  the  critical  tempera¬ 
ture  of  the  oxidizing  medium,  necessary  for  the  ignition  of 
individual  aluminum  particles  (less  than  100  pm  in . diameter) , 
turned  out  to  be  very  near  (±150°)  the  melting  point  of  the  oxide 
ai2o3> 


Fig.  42.  Critical  AT  ignition 
temperature  versus  P_.  . 


A  Ofi  0.8  •  1,2 


iffy  atm 


In  spite  of  this  assertion,  it  is  noted  in  reference  [243] 
that  if  a  drop  of  aluminum  is  previously  heated  in  an  inert 
atmosphere  and  then  the  inert  gas  is  abruptly  replaced  with  oxygen, 
ignition  occurs  at  a  temperature  of  ,vl000oC.  The  ignition  of 


thin  aluminum  jfi  res  in  water  vapor  takes  place  when  the  temperature 
of  the  mediunfTs  'approximately  JL700°K. 

On  the  other  hand,  heated  (by  electric  current)  aluminum 
tubes  0.95-1.27  mm  in  diameter  with  a  wall  thickness  of  0.25  mm 
and  up  to  16  cm  long  could  not  be  ignited  at  all  at  a  pressure 
Of  1-20  atm  in  a  C02-02  oxidizing  medium  [243],  After  a  tempera¬ 
ture  equal  to  the  melting  point  of  aluminum  was  achieved,  the 
tube  was  destroyed  without  subsequent  ignition. 

Brzustowski  and  Glassman  [237],  with  an’  optical  pyrometer, 
measured  the  brightness  temperature  of  thin  aluminum  wires  slowly 
heated  in  an  oxidizing  medium  containing  pure  oxygen.  It  was 
found  that  this  temperature  (Table  .11)  does  not  depend  on  the 
pressure  of  the  ambient  medium  and  the  previous  history  of  oxide 
layer  formation.  It  has  the  same  value  both  in  the  case  of 
thin  wires  anodized  by  the  industrial  method  and  in  the  case  where 
the  oxide  layer  was  formed  as  the  wire  was  heated  in  the  oxidizing 
medium. 


Table  11.  Highest  values  of  brightness  temperatures  during  the 
burning  of  thin  aluminum  wires  In  oxygen. 


Pressure 

[  Brightness  temper- 
|  ature ,  °K 

Pressure 

Brightness  temper¬ 
ature,  °K 

anodized 

wire1 

pure 

wire 

anodized 
wire 1 

pure 

wire 

50  mm  Hg 

2000 

1800* 

4  atm 

2025 

2025 1 

100  mm  Hg 

2010 

18902 

10  atm 

2025 

2025 1 

300  mm  Hg 

2010 

2000 

20  atm 

2025 

2025* 

1  atm 

2025 

2025 1 

L  i 

‘ignition  was  observed  in  all  experiments. 
*Ho  ignition. 


Similar  results  have  been  obtained  in  heating  anodized  and 
nonanodized  wires  in  a  stationary  oxidizing  CO^-Ar  or  02~Ar  medium 
in  the  pressure  range  50  mm  Hg  -  2  atm:  regardless  of  the  0? 
concentration  in  the  meuium,  ignition  temperature  is  also  near 
the  melting  point  of  The  moment  of  ignition  coincides 

with  the  direct  effect  of  the  ambient  atmosphere  on  the  molten 
active  metal  during  destruction  of  the  wire.  At  the  same  time 
the  brightness  temperature  of  the  wires  (anodized  and  non  anodized) 
at  the  moment  of  ignition  in  pure  oxygen  is  lower  by  approximately 
150°C  than  in  a  C02  medium. 

Fig.  43.  Brightness  temperature 
of  thin  aluminum  wires  at  the 
moment  of  ignition. 


Figure  43  presents  data  [239]  on  brightness  temperatures 
of  the  ignition  of  thin  aluminum  wires  Clinks  5-10  cm,  diameter 
0.25-1.0  mm)  in  an  oxygen  argon  medium  in  a  wider  pressure  range. 

The  shaded  area  corresponds  to  the  interval  of  experimental,  data. 

The  solid  line  corresponds  to  the  pressure  of  A1  vapors. 

In  the  region  of  pressures  above  1  atm  the  values  of  brightness 
temperature  for  thin  wires  at  the  moment  of  ignition  virtually  coin¬ 
cide  with  the  melting  point  of  A^O^  and  do  not  depend  on  the 
partial  pressure  of  oxygen  in  the  ambient  medium.  Ignition  is 
connected  to  the  destruction  of  the  wires.  At  p  <  0.5  atm  the 
brightness  temperature  >f  ignition  drops  substantially  with  a 
drop  in  pressure.  There  is  a  fully  defined  correlation  between 
this  temperature  and  the  vapor  pressure  of  aluminum.  Ignition 
occurs  in  gas  phase  and  is  connected  with  the  appearance  of 
a  flame  located  a  certain  distance  from  the  surface  of  the  wire. 
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^  ^  considerable  practical  Interest  is  the  study  of  the  '  •  ^ 

4gnitibn  conditions  of  dispersed  metals  in  the  combustion  products 
of  solid  propellants  and  powders. 

V?  •..•V* .  -  •  '  ;  i  ' 

r*  .Hi.?  ,y?f  color  movie  photography ,  ..Wood,  £244.1. 

perfoi'med  a  qualltatTve"  investigation  6f  the  burning"(p  »  35  atm) 
of  thin  plates  of  quick-burning  mixed  propellants  with  additives 
of  magnesium  and  aluminum  particles  (0.01-10  wt.  %) .  One  of  the 
objectives  of  the  study  was  to  determine  the  location  of  the 
ignition  of  aluminum  particles  relative  to  the  surface  of  the 
propellant  (Table  12). 

[2$5]  12*  • ^nition  of  metal  particles  in  a  plastisol  propellant 


Ignition  of  metal 
Ignition  on  the  surface 


Ignition  on  the  surface  and  ir.  the 
gas  flow  „ 

The  same  . 

K  > 

if  n  J  r,>  . " 


Average  nominal 
diameter  of 
metal  particle, 
um 

Al, 

\,0.1  , 

;V  1 

*•'  :  ■  ,  . 

■5 

1 

5 

10 

15-20  ’  ' 

U.o2 

bo 

0.15 

bo 

1 

bo 

10 

bo  (at  7  atm) 

10 

b0  (at  70  atm) 

10 

80 

0.5 

80 

l 

80 

10 

80 

8 

5  " 

2 

137 

1 

L37 

1 

No  ignition 


Ignition  directly^ above  surface 
Ignition  on  the  surface 
No  ignition 


Particles  less  than  5~ym  in  diameter,  as  a  rule,  ignited  on 
the  surface  of  the  propellant.  The  ignition  of  particles  40  ym 
in  diameter  occurred  some  distance  from  the  burning  surface.  The 
location  of  ignition  for  particles  of  the  intermediate  fraction 
Z-23--  Mm  was  not' constant :  ignition  occurred  laoth~  on  the  surname  ‘ 
of  the  propellant  and  far  from  it.  Ignition  of  particles  80-137  um 
in  diameter  could  not  be  recorded  within  the  field  of  observation 
( 10  mm) . 


Since  the  surface  temperature  of  modern  condensed  systems  is 
usually  500-700°C,  it  follows  that  the  temperature  of  the  medium 
in  which, particles  with  a  diameter  of  less  than  5-10  ynf  ignite 
is  near  the  upper  limit  of  this  temperature  range. 

In  combustion  products  of  pure  ammonium  perchlorate  (1200°C) 
aluminum  does  not  ignite  at  a  pressure  below  140  atm  [134,  2^5], 
The  rise  in  flame  temperature  due  to  the  mixing  of  fuel  and 
APC  increases  the  probability  of  aluminum  ignition.  However, 
here  the  minimum  flame  temperature  at  which  the  particles  ignited 
was  2250-2300°K.  In  other  words ,  the  results  of  tests  by 
Friedman  and  Macek  [245]  on  the  ignition  of  aluminum  in  the  flame 
of  gas  burners  and  condensed  mixture  compositions  agree. 


Table  13.  The  fraction  of  particles  which  Ignited 
in  combustion  products  of  the  propellant  composi¬ 
tion  APC-paraformaldehyde  when  (p  0  70  atm)  [246]. 


Propellant 

composition 

.  f 

Plane 
temper¬ 
ature  . 
°K 

Gas  composition  of  flame  j 

'cnition  frac 
tion  particle 

APC 

|  pr.ra- 
l  To  rural - 
1  dehyde 

alu¬ 

mi¬ 

num 

1 

Xt 

ir.o 

HCI 

O. 

CO, 

1 

uar 

l 

0 

1.0 

1 

1300 

) 

tij 

35,2 

23.5 

29.0 

_ 

If*-* 

on 

10 

0.1 

2200 

10,7 

41.5 

21.4 

17.0 

9.4 

10-1 

#r> 

15 

0/1 

260.) 

W.l 

15,4 

20,2 

11,4 

13.0 

1 

76 

24 

0,01 

2600 

9.1 

50,0 

18,2 

— 

22  7 

1 
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r  It  is  interesting  to  estimate  the  probability  of  the  ignition 
of  finely  dispersed  (53-66  pin)  particles  of  aluminum  introduced 
in  the  amount  0.01-1. Of  into  the  composition  of  a  two-component 
mixed  propellant  (Table  13)  [246],  As  the  specimen  burned,  metal 
particles  fell  into  the  tongue  of  a  flame  of  decomposition 
products  from  a  fuel  and  oxidizer  of  a  certain  composition  and 
temperature: . 

%  !  ■'  -  ^  ~>  ; 

The  most  probable  temperature  of  combustion  products  of 
heterogeneous  .  condensed  systems  ,' -in  which  100£  ignition  of  individual 
aluminum  particles  occurs  (in  a  given  experiment ) ,  lies  in  the 
2200-2600°K  range;  Unfortunantely ,  the  geometric  parameters  of 
the  flame  and  the  dimensions  of  its  high-temperature"  zone  are 
not  indicated  in  the  work.  Therefore,  the  question  of  the 
connection  between  the  probability  of  particle  ignition  and  the 
time  of  their  stay  in  this  zone,  particularly  at  low  temperatures, 
remains  unanswered. 


At  the  same, time,  excellent  data  are  available  for  the 
maximum  temperature  of  combustion  products  of  mixed  powders, 
necessary  forthe  ignition  cf  particles  of  finely  dispersed  aluminum. 
Using  thinner  spherical  powders  with  an  average  particle  size  of 
„  6-10  pm,  Pokhil,  Logachev,  and  Mal’tsev  [172,  174,  247]  found  that 

the  Ignition  temperature  of  aluminum  particles  in  combustion 
*• products  of  condensed  systems  is  <vi300°K.  ' 

Belyayev,  Frolov,  and  Korotkov  [154,  248],  having  an  , 
extended  and  constant-temperature  flow  of  combustion  products 
from  mixed  systems  ir.  a  semlclosed  installation,  observed  similar 
results.  Under  these  conditions,  at  a  flow  temperature  of  l600°K, 
it  was  possible  to  observe  the  ignition  of  even  larger  aluminum 
(d  *  70-100  pm).  However,  as  will  be  shown  below,  the  ignition 
delay  time  increased  considerably. 
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On  the  basis  of  results  obtained,  it  was  concluded  that 
the  lower  limit  (temperature)  of  stable  ignition  for  particles 
of  finely  dispersed  aluminum  In  a  high-temperature  medium  of 
combustion  products  from  mixed  condensed  systems  is  a  temperature 
of  1300°K.  Apparently  the  main  reason  for  the  disagreenjpnt  in 
the  evaluation  of  the  minimum  temperature  of  the  medium  necessary 
for  aluminum  Ignition  is  the  difference  in  the  dispersity  of  the 
experimental  material  and  the  time  of  particle  stay  in  the  high- 
temperature  zone. 

For  example,  the  time  of  particle  motion  in  the  flow  In  a 
semiclosed  installation  exceeds,  by  one  or  more  orders,  the  ' 
maximum  possible  stay  time  of  the  same  particles  In  the  tongue 
of  a  flams  from  specimens  burned  in  an  inert  atmosphere  in  a 
constant-pressure  instrument. 

An  analysis  of  the  experimental  results  In  determining  the 
temperature  limit  for  the  ignition  of  thin  wires  and  particles 
of  finely  dispersed  aluminum  in  an  oxidizing  medium  shows  that 
the  most  favorable  conditions  for  Ignition  are  realized  in  a 
medium  of  combustion  products  of  heterogeneous  condensed  systems 
and  powders.  The  critical  temperature  of  the  medium,  which 
ensures  satisfactory  ignition  of  aluminum  under  these  conditions, 
is  1300°K  [172,  1733- 

The  critical  ignition  temperature  in  the  tongue  of  a  flame 
from  gas  burners  and  installations  in  which  electrical  heating 
of  specimens  was  used,  as  a  rule,  is  significantly  higher  and 
is  near  the  melting  point  of  aluminum  oxide  2300°K.  However, 
there  is  apparently  no  clear  boundary  between  these  two  cases. 

The  size  of  particles  and  the  concentration  of  active 
reagents  in  an  oxidizing  medium  (concentration  H^O,  CC^,  02) 
have  virtually  no  noticeable  effect  (at  least  in  the  rerdon  of 
d  *  10-^5  ym)  on  the  critical  ignition  temperature  <■  f  aluminum. 

At  the  moment  of  ignition  the  temperature  of  the  particles  is 
near  the  melting  point  of  aluminum  oxide. 
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3.  Ignition  Delay  Time 
(Induction  Period; 


Most  of  the  familiar  quantitative  measurements  are  made  in 
connection  with  conditions  in  the  flame  of  1  gas  burner  (p  »  1  atm) 
In  determining  the  delay  time  of  particle  ignition,  the  distance 
along  the  trajectory  of  particle  motion  between  the  injection 
point  and  the  spot  where  the  glow  appears  and  the  gas  flow  rate 
''are  directly  measured  quantities.  The  ratio  x/vQ  determines  the 
so-called  "apparent"  or  "conditional"  induction  period.  In 
calculating  it,  we  do  not  take  into  account  the  rate  of  injected 
particle  delay  with  respect  to  the  supporting  flow. 

The  value  of  the  "apparent"  induction  period  for  spherical 

% 

aluminum  particles  in  a  propane-oxygen-nitrogen  flame  is  presented 
in  Pig.  44  and  Table  14. 


Table  14. 

(T  *  2510°K 


Induction  period  t'  of  aluminum  particles' 

\  r  -»  -S  i.  -1  Bn 


Average  diam¬ 
eter  oT  alu¬ 
minum  parti¬ 
cles  ,  pm 

1 - 

0~  concentra¬ 
tion,  % 

H20  concen¬ 
tration,  % 

T;n* 

m/s 

35 

5.8 

18.1 

1.6  ±  0.4 

49 

5.8 

18.1 

11.7  ±  0.7 

35 

7.9 

0.5 

10.7  t  1.0 

49 

7.9 

0.5 

16. 5 

Fig.  44.  Ignition 

time  ( t  *  )  jf  aluminum 
an 

particles  as  a  function 
of  d2. 


i  to;.  pm 
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The  main  mass  of  the  particles  ignited  10-150  mm  above 
the  injection  zone.  With  satisfactory  accuracy  r*  (see  Fig. 
is  subject  to  square  law  d*  regardless  of  the  moisture 

content  of  the  medium. 

Just  as  critical  ignition  temperature,  t*n  is  a  very  weak 
function  of  the  concentration  of  active  reagents  in  the  medium. 

A  change  in  the  total  concentration  of  H^O  +  0^  by  a  factor  of  3 

reduces  t  _  by  no  more  thar>  H£,%  (see  Table  1*0;  the  greatest 

an 

changes  occur  in  the  region  of  low  concentration. 

To  calculate  the  actual  value  of  t  .  Friedman  and  Macek 

a  n  - 

[133]  proposed  to  introduce  a  correction  for  the  velocity  delay 
of  the  particles : 

if  the  injection  velocity  is  zero1 

Tfn-0n  -cn|l_„v,.(-  ,/0)| 

and 

T»n  *=  Ti.n  +  0  f  i  —  exp  (—  r.  0)1  ft  —  -f  f  .  (III.l) 

if  the  particles  are  introduced  into  a  hot  flow  with  a  velocity 
of  V* .  Here 

d:  o 

0  ==  IsiT  * 

where  d  is  the  diameter  of  the  particle;  p  is  the  density  of' the 
metal;  n  Js  the  viscosity  of  the  gas  in  the  boundary  layer  of 
the  particle;  Vq  Is  the  velocity  of  the  gas. 

lFrom  the  ratio  of  Stokes  and  Newton  I'orces  the  velocity  of 
particle  motion  v(t)  is  given  in  the  form  of  V(t)  =  Vq  exp  (-t/0). 

The  time  is  found  from  the  solution  to  equation 


o 

, Si. ice  t^n  and  6  are  proportional  to  d  ,  the  induction  period 
of  the  particles,  with  a  correction  for  the  lag  behind  flow,  is 
also  proportional  to  d  .  However,  the  size  of  this  correction 
can  be  quite  substantial.  For  particles  with  a  diameter  of 
50  um  t  / t ’  ■  1.9,  i.e.,  the  "actual"  ignition  delay  time  must 

be  12.7  ms  (when  n  ■  5*10”  poise)  instead  of  6.6  ms  [133]. 

Along  with  a  weak  sensitivity  to  the  moisture  content  and 
the  concentration  of  the  oxidizer  in  the  medium,  Ten  virtually 
does  not  react  to  the  degree  of  activity  of  the  ambient  atmosphere 
and,  particularly,  to  the  presence  or  absence  of  pure  oxygen  in 
the  medium. 

Presented  below  are  the  values  of  the  induction  period  for 
aluminum  particles  of  the  53-66  um  fraction  in  the  flame  of  a 
gas  burner  with  a  temperature  of  26l0°K  [2^6]: 

Original 

gas 

mixture 

CO  +  1.5  o2  co2  +  o2  10 

CO  +  0.5  02  +  N2  C02  +  N2  10 

In  spite  of  the  fact  that  pure  oxygen  is  present  in  the 
flame  as  the  basic  component  in  the  first  variant  whi  .e  a  flame 
of  the  second  type  is  diluted  in  half  by  nitrogen,  the  ignition 
delay  time  in  both  cases  is  identical  and  proportional  to  d^. 

The  temperature  of  the  medium  is  another  matter.  Just  as  for 
drops  of  liquid  hydrocarbons  and  solid  carbon  particles,  this 
parameter  is  decisive  in  the  ignition  of  metal  particles  (Fig.  l»5). 
A  temperature  increase  of  only  *100°  In  the  ambient  medium 
(from  2500  to  2900°K),  for  example,  increases  the  possibility  of 
aluminum  ignition  by  a  factor  of  2  [2^6], 


Composition  Induction 

of  medium  period 

(flame)  t '  ,  ms 

Bn' 


This  result  is  completely  regular  since  the  value  of  the 
induction  period,  in  the  first  place,  is  determined  by  the 
heating  of  the  particles  from  initial  to  critical  ignition 
temperature . 1  The  main  form  of  the  heat  exchange  of  a  particle 
with  the  ambient  medium,  in  this  stage,  is  thermal  conductivity 
in  the  laminar  boundary  layer  (induced  film)  of  the  particle. 
Therefore,  the  heating  rate  is  a  function  of  the  temperature 
level  of  the  medium  and  the  particle  and  the  gradient  dT/dR 
on  the  medium-particle  boundary. 

Tne  nearness  of  the  results  presented  in  Table  14  and 
Figs.  44  and  45,  taking  into  account  the  differences  in  the 
ambient  temperature  and  initial  particle  size,  underscores 
once  more  the  decisive  role  of  temperature  and  particle  size 
as  the  main  parameters  in  determining  tbr. 

We  should  also  note  that  the  chemical  composition  of  combus 
tion  products  of  heterogeneous  systems,  as  we  have  already 
repeatedly  emphasized,  is  quite  complex.  In  combustion  products 
of  compositions  based  on  an  APC  oxidizer,  in  addition  to  the 
basic  oxidizing  oxygen-containing  reagents,  HC1,  N^,  and  others 
are  contained  in  considerable  quantity.  In  an  installation  with 
a  semiclosed  volume,  for  the  Ignition  delay  time  of  the  aluminum 
introduced  into  a  condensed  system  (0.01-1.0?  by  weight),  the 
authors  of  reference  [154]  took  the  time  figured  from  the  moment 
of  particle  escape  from  the  surface  of  the  specimen  to  the 
appearance  of  the  flash.  The  time  required  for  particle  warm-up 
in  the  reaction  layer  of  the  powder  and  on  the  burning  surface 
of  the  specimen,  i.e.  up  to  a  temperature  of  500-700°C,  was 
not  taken  into  account. 

The  greatest  changes  in  the  value  of  t  are  obtained 

b  n 

during  a  variation  in  the  temperature  of  the  gas  flow  (Fig.  46). 
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Fig.  ^5.  Ignition  time  for  A1  particles  Cd  ■  53-56  yin,  C0-02 
medium)  versus  temperature.  •  ' 

Fig.  ^6.  Ignition  time  for  A1  particles  (d  ■  70  um)  in  combustion 
products  of  condensed  systems  versus  temperature. 

As  the  temperature  of  the  medium  drops  the  ignition  time 
for  aluminum  increases  sharply  and  at  a  temperature  of  less  than 
2000°K  begins  to  considerably  exceed  the  combustion  time  ( Tr  • 

•  9-5  ms).  On  the  other  hand,  at  high  temperatures  on  the  order 
of  3000°K,  even  with  comparatively  large  particles  (70  ym)  the 
ignition  time  is  brief  and  falls  within  1-2  ms. 

However,  unlike  temperature,  the  composition  of  the  gas 
flow  and  the  pressure  (p  >  10  atm)  affect  x__  only  slightly. 

Oil 

The  differences  observed  in  the  experimental  data  fall  within 
the  range  of  measurement  error.  However,  we  can  see  nevertheless 
that  with  a  sharp  increase  in  H.,0  and  CO^  concentration  (up  to 
70?)  the  time  of  xan  decreases  somewhat. 

With  a  change  to  particles  of  another  size  (d  <  200  ym) ,  . 

these  regularities  do  not  change  qualitatively.  In  absolute 
value,  however,  t  increases  in  proportion  to  the  square  of 

8  m 

particle  diameter. 


In  the  general  case,  the  Ignition  time  of  aluminum  particles 
In  combustion  products  of  mixed  compositions  based  on  APC  is 
satisfactorily  described  for  d  *  70  ym  by  an  exponential  function 
of  the  type  x  *  3-6 • 10”^  exp  (32,000/HT),  ms.  These  data  are 


also  presented  below: 
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Thus,  the  main  parameter  determining  the  ignition  delay  time 
of  aluminum  particles  in  combustion  products  of  heterogeneous 
condensed  systems  i3  the  temperature  of  the  gas  flow.  The  pressure 
and  the  gas  composition  of  the  medium,  in  this  respect,  is  secondary. 
Just  as  in  gas  burners,  T0n  is  proportional  to  the  square  of  the 
diameter  of  the  initial  particles. 

At  the  present  time  there  is  no  precise  analytical  solution 
to  the  problem  of  the  ignition  of  metal  particles  having  a  dense 
protective  oxide  film. 

Friedman  and  Macek  [133]  have  proposed  a  formula  for  calculat¬ 
ing  the  tfln  time  based  on  the  results  of  their  experiments  on  the 
ignition  of  particles  of  finely  dispersed  aluminum  in  the  flame 
of  a  gas  burner  in  accordance  with  their  assumption  that  the 
moment  of  ignition  agrees  with  the  phase  transition  of  the  oxide 
protective  layer  from  solid  state  to  liquid  s^ate,  as  a  result 
of  which  the  metal  oxidation  rate  increases  sharply. 

The  derivation  of  the  formula  is  based  on  the  assumption 
that  particle  warm-up  from  initial  temperature  Tq  to  temperature 
T  (near  the  melting  point  of  aluminum  oxide  (see  Fig.  41))  is 

K  p 

accomplished  by  thermal  conductivity  from  the  medium  with  T^  in 
the  thin  boundary  layer  surrounding  the  particle.  According  to 
the  conditions  of  the  experiment  for  whicn  this  calculation  is 
made,  it  is  assumed  that  the  Nu  number  *  2,  the  Re  number  * 

■  0.01-2  (for  particles  with  d  =  50  wm) ,  and  radiation  (during 
ignition)  can  be  disregarded.  Finally,  the  expression  for 
calculating  the  induction  period  is  written  in  the  form 


prfj  t  .  T„—n  r.  \ 

“  12i.  n  Tk  -  Tvp  +  T„  -  T^j  ’ 


(III. 2) 
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i*  • 

W04<-  '  ‘  ; 

*>»  c*  L  are  the  density,  the  specific  heat  capacity  and 
^^^le^litent  heat  of  fusion' of  the  aluminum;  X  Is  the  coefficient 
t^r»al  conductivity  of  the  gas  (assumed  to  be  independent  of 
+«aperature) . 

■  ;  .  ■  1 

ai  ,\n  the  experiment,  t 


jportional  to  d‘ 


Bn 


»  according  to  (III. 2),  is 


At  values  of  X  *  2.1*10"’  cal/cm.s  *deg,  T  *  2510°K,  T 


and  gives  a  fair  agreement  with  the  experiment. 


’I-  ■  <*>  - 

»  ?fc30°K  (see  Fig.  iJl)  and  standard  values  for  p,  c,  and  L, 

T.|^ Induction  period  Tfin  for  particles  with  a  diameter  of  50  ym, 

to  formula  (III. 2),  is  16.1  ms.  The  experi- 
V-ntal 'Value  for  these  same  conditions  (with  correction  for 


accordinc 
%^.'‘-jirntai  'value  for  thes 

velocity  lag)  is  12.7  ms  [133], 
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However,  the  region  of  application  for  formula  (III. 2)  is 
"  apparently  very  limited.  This  is  primarily  related  to  the 
ignition  of  aluminum  in  the  combustion  products  of  the  powders. 

4.  -.The  Effect  of  the  Concentration 
‘of  Metal  Particles  on  the  Ignition 
Temperatv.i  e  and  the  Period  of 
■induction  for  Aluminum 

The  problem  of  the  effect  of  raetal  concentration  on  the  basic 
parameters  of  ignition  -  critical  temperature  and  induction  period  - 
is. .solved  unambiguously.  In  virtually  all  cases  an  increase  in 
particle  concentration  reduces  the  temperature  of  the  medium, 

during  which  particle  ignition  begins  and  t  decreases. 

...  Bn 

-  *  -  ’ 

^ ;  >;V:f.The  particles'"  become  easily  ignitable  even  at  a  comparatively 
:>|pw  temperature  of  the  medium  (or  flame),  in  which  single  particles 


5&i '  tfd  not  ignite  at  all. 

i’  Efc.,:..V  V-.  '  d*..  r 


.T.r  In.  a  COj  atmosphere,  fine  aluminum  powder  with  an  average 
panicle  size  of  0.03  ym,  placed  in  a  test  tube,  begins  to 
iiEnite  at  360-^20°C  [2^9].  The  aluminum  powder  which  deposited 
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on  the  base  in  the  form  of  a  dust  layer  will  ignite  in  air  at  a 
higher  temperature,  585°C.  If  the  same  aluminum  forms  an  air- 
suspension  with  air,  the  ignition  temperature  is  6*J5 °C  [250]. 

In  other  words,  thermal  ignition  of  the  deposited  powder  occurs 
at  a  lower  temperature  than  the  ignition  of  the  same  powder 
suspended  in  air. 

If  an  electric  discharge  (spark)  is  the  ignition  source, 
the  ignition  energy  of  the  aluminum  air  cloud  is  a  function  of 
particle  size:  for  finer  particles  less  energy  is  required  [250]; 
this  energy  remains  constant  over  a  wide  range  of  metal  particle 
concentrations . 

t 

The  Ignition  of  a  cloud  containing  a  broad  spectrum  of 
particle  sizes  is  generally  determined  by  the  smallest  particles 
present.  Figure  presen*  -t  data  on  the  ignition  temperature 
of  aluminum  dust  in  an  oxygen  flow  as  a  function  of . the  average 
particle  size  [250]. 

The  ignition  of  spherical  powdered  aluminum  in  combustion 


products  of  mixed  composltiorj 
with  an  increase  in  particle 


at  which  the  ignition  of  sinj 
ovserved . 


s  is  also  noticeably  facilitated 
concentration  to  5-20$  [173,  206,  251]. 


The  aluminum  becomes  easily  iignitable  even  at  flame  temperatures 


.e  particles  is  not  generally 


Ir.  a  composition  having  a  maximum  burning  temperature  of 
2b00°K,  the  ignition  delay  tiine  of  particles  with  a  diameter  of 
70  pm,  only  as  a  result  of  an  increase  in  metal  concentration 
to  1G$  (by  weight),  diops  by  more  than  5:  from  6  to  ^1  ms. 
Particles  with  a  diameter  of  15-20  ym  and  less,  under  these 
conditions,  are  ignited  almost  directly  on  the  surface  of  the 
specimen. 


fc  -  ’  ,] jj|  rfrjjft ia  | piTr,v 
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for  aluminum 


The  general  tendencies  of  the  change  in  t 
particles,  when  the  aluminum  content  in  heterogeneous  condensed 
systems  is  Increased  to  .10$ ,  become  clear  from  a  comparison  of 
Fig.  h 6  and  Fig.  *18. 


Fig.  J17.  Fig.  h 8 . 

Fig.  t7.  Ignition  temperature  for-  aluminum  dust  in  oxygen. 

Fig.  Jl8 .  t  of  A1  particles  (d  =  70  vim)  in  combustion  products 
b  n  ' 

of  condensed  systems  as  a  function  of  particle  diameter  ( A1  con¬ 
centration  is  .10$). 

A  ’“eduction  in  the  induction  period  for  large  particles  can 
be  observed  not  only  with  an  increase  in  their  concentration. 

A  similar  effect  can  also  be  achieved  if  a  small  amount  of 
finer  particles  of  the  same  or  more  easily  ignitable  metal  is 
mixed  in.  Thus,  for  example,  if  2%  of  the  particles  have  a 
diameter*  of  '^5  win,  the  particles  with  a  diameter  of  80  pm  are 
ignited  at  a  considerably  shorter  distance  from  the  surface  of 
the  specimen  than  is  the  case  without  the  finer  particles 
The  decrease  in  the  induction  period  of  aluminum  particles  with 
an  increase  in  their  concentration  in  the  gas  flow  or  in  the 
combustion  products  of  heterogeneous  condensed  systems  has  a 
reasonable  explanation  within  the  framework  of  heat  theory. 

The  ignition  of  particles  is  determined  by  the  conditions 
of  their  heating  in  an  ambient  gaseous  atmosphere  up  to  ignition 
temperature.  These  conditions,  to  a  considerable  degree,  depend 


on  the  temperature  of  the  medium.  For  the  total  group  of  particles  , 
heat  released  from  their  surface  causes  a  general  increase  in 
ambient  temperature,  especially  if  additional  self-heating  occurs 
on  the  surface  because  of  oxidation  reactions.  In  addition,  if 
particles  are  fed  continuously  into  a  gas  flow  (for  example,  during 
the  burning  of  metallized  powders)  and  the  process  develops  into 
self-sustaining  burning,  then,  because  of  the  considerable 
thermal  effect  of  the  burning  of  a  large  amount  of  aluminum, 
the  heating  of  newly  arriving'  particles  is  determined  not  only 
by  their  heat  exchange  with  the  ambient  medium  but  also  by  the 
additional  heat  supply  (thermal  conductivity  and  radiation)  from 
the  burning  zone. 

As  a  result  of  this  ,  the  heating  rate  of  the  particles 

increases  and  their  x  decreases. 

r  n 

5.  The  Physical  Nature  of  Ignition 
Processes  In  Aluminum  Particles 

Aluminum  is  a  metal  which  has  high  reactivity  in  a  high- 
temperature  oxidizing  medium.  Under  natural  conditions,  its 
surface  is  coated  with  a  solid  protective  layer  of  oxide. 

There  is  a  direct  connection  between  the  kinetic  reactions 
of  surface  oxidation  and  the  properties  of  the  oxide  being  formed 
[13].  If  the  volume  of  oxide  Is  less  than  tne  volume  of  metal 
involved  in  the  oxidation  reaction  (Pilling-Bedworth  criterion 

B  =  v  /V„„  less  than  one)  ,  a  solid  oxide  film  cannot  form  on  the 

oh  no 

surface  of  the  metal.  Oxide,  as  a  rule,  is  porous,  as  a  result 
of  which  the  surface  of  the  metal  is  always  open  for  oxidizer 
access.  The  rate  of  the  oxidation  reaction  depends  only  slightly 
on  the  growth  rate  and  character  of  the  oxide  coating  on  the 
metal  surface  and  changes  according  to  linear  law. 
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If  the  Pilling-Bedworth  criterion  is  more  than  one,  then 
during  oxidation  on  the  surface  of  the  metal  a  solid  oxide  layer 
builds  up  and  the  reaction  continues  only  because  of  the  diffusion 
of  the  oxide  through  this  layer.  The  reaction  rate  is  inversely 
proportional  to  the  thickness  of  the  oxide  film;  oxidation  rate 
changes  according  to  parabolic  law. 

The  greatest  density  and,  consequently,  the  best  protective 

properties  are  found  in  oxide  films  of  metals  for  which  1.0  <  3  < 

<  1.5.  With  large  values  for  3  the  oxide  layer,  as  it  grows, 

experiences  considerable  Internal  stress  and  can  crack.  In  this 

case,  its  protective  functions  drop  sharply.  For  aluminum  the  value 

of  .the  6  criterion  is  near  one  (8  =  1.3)*  Because  of  this,  the 

surface  layer  of  oxide  on  aluminum  is  very  dense  and  has  good 

protective  properties.  At  room  temperature  in  air,  the  thickness 

o 

of  the  oxide  layer  grows,  to  50-100  A  in  the  first  5-10  days  and 
then  is  virtually  constant  [250]. 

In  the  general  case,  the  process  of  aluminum  oxidation  is 
an  exothermic  process  whose  rate  increases  with  an  increase  in 
temperature . 

In  the  350-^75°C  range  the  oxidation  rate  constant  conforms 
with  satisfactory  accuracy  to  the  Arrhenius  equation  with  activa¬ 
tion  energy  E  =  22,8  kcal/mole 

k  a  .  1  ovp  (—  H; /IT). 

According  to  established  concepts,  as  the  ignition  temperature 
we  take  that  minimum  temperature  of  the  particles  or  medium  at 
which  heat  release  from  the  oxidation  reaction  of  the  metal 
exceeds  heat  loss  to  the  surrounding  space  and  the  temperature 
of  the  particle  begins  to  rise  with  an  increasing  rate.  The 
time  required  for  the  metal  to  warm  up  from  the  initial  temperature 
to  a  temperature  at  which  this  condition  begins  to  be  fulfilled 
generally  determines  the  ignition  delay  time. 
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At  low  particle  temperatures  the  oxidation  rate  of  the 
aluminum  is  quite  low  because  of  the  presence  of  the  solid 
protective  oxide  layer  on  its  surface.  Therefore,  even  in  a 
high-temperature  oxidizing  medium,  particle  warm-up  before 
a  certain  moment  can  be  considered  exclusively  as  a  heat  exchange 
process.  This  critical  moment  can  be  the  phase  for  crystal- 
structure  variations  in  the  oxide  film  which  are  connected  with 
temperature . 


One  of  them  is  the  melting  of  the  oxide  film,  which  abruptly 
increases  the  oxide  flow  to  the  surface  of  the  metal.  This 
increase  is  the  result  of  a  reduction  in  the  diffusion  resistance 
of  the  oxide  film.  According  to  this  hypothesis,  aluminum 
particles  ignite  when  their  temperature  reaches  the  melting 
point  of  aluminum  oxide,  i.e.,  »v2300oK.  The  advantage  of  this 
is  indicated  by  experimental  data  on  determining  the  ignition 
temperature  and  induction  periods  of  aluminum  particles  in  the 
flames  of  gas  burners  and  thin  aluminum  wires  heated  by  electric 
current  (see  Sections  1,  2,  3). 


The  difference  between  the  ignition  temperature  of  particles 
and  the  melting  point  of  Al^O^  is  considered  the  measure  of 
self-heating  from  the  oxidation  reaction.  Under  stationary 
conditions,  based  on  the  balance  between  the  effect  of  the 
exothermic  oxidation  reaction  and  the  heat-mass  transfer  in 
the  gas,  the  connection  between  TV  and  T  is  given  by 

the  expression  [25^] 
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[nn  =  melting;  ip  3  critical] 

where  Q  is  the  exothermic  effect  of  the  reaction;  k(pQ ^/RTnfl)  is 

the  oxidation  rate  on  the  surface  of  the  particle  through  a  solid 
layer  of  AlgO^  at  a  temperature  of  2300°K;  n  is  the  order  of 


sprg  l 


The  processing  of  the  experimental  results  presented  in 
Pig.  42  indicated  that  the  numerical  value  of  n  is  0.141-0. 5, 

This  shows  a  slight  dependence  of  ignition  temperature  on  oxygen 
concentration  in  the  atmosphere,  i.e.,  the  activity  cf  the 
medium. 

Since  the  melting  point  of  aluminum  oxide  changes  only  slightly 
with  pressure,  the  critical  ignition  temperature  of  particles 
is  virtually  constant  in  a  wide  range  of  pressures  (p  >  1  atm) 
and  particles  sizes.  At  the  final  stage  of  the  transition  of 
the  induction  period  to  self-sustaining  burning,  the  aluminum 
ignition  process  is  a  heterogeneous  process.  The  oxidation 
reaction  occurs  on  the  surface  of  the  particle,  along  the 
metal  oxide  interface.  The  exothermic  effect  of  the  reaction 
ensures  the  subsequent  self-heating  of  the  particle  to  the  boiling 
point  of  aluminum  and,  as  we  shall  see  below,  the  transition  of 
the  reaction  to  vapor  phase. 

The  induction  period,  since  it  is  generally  determined  by 
heat  exchange  with  the  ambient  medium,  is  proportional  to  the 
square  of  particle  diameter. 

This  method  of  aluminum  ignition  through  the  melting  of 
the  cxide  film  is  obviously  not  the  only  one.  It  does  not 
explajin  the  ignition  of  aluminum  particles  at  lower  temperatures 
in  thje  combustion  products  of  heterogeneous  condensed  systems 
173,  206]. 

(Significant  in  this  respect  also  is  the  ignition  of 
electrically  heated  thin  aluminum  wires  in  an  oxygen-containing 
in  the  region  of  vacuum  pressures.  The  ignition  process 
has  a!  gas-phase  nature  and  sets  in  at  that  moment  when  the 
temperature  of  the  wire  is  equal  or  exceeds  the  boiling  point 
of  aluminum.  Although  at  such  temperatures  the  oxide  shell  is 


solid  (Pig.  43),  its  physical  integrity  is  impaired.  This 
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Is  easily  seen,  for  example,  in  Fig.  3*1,  where  separate  streams 
coming  from  the  surface  of  a  wire  coated  with  »  porcy.3  iLyer  of 
A120^  are  revealed.  The  ignition  of  aluminum  occurs  because  of 
the  impairment  of  the  oxide  shell's  structure;  however,  this  is 
not  because  of  phase  transition  (melting)  but  as  a  result  of 
cracking  and  breaking  of  the  oxide  shell  by  the  vapor  of  the 
metal  and  the  diffusion  of  the  latter  into  gas  phase.  The 
difference  in  the  coefficients  0  of  volume  expansion  for  metal 
and  oxide,  to  a  certain  extent,  contributes  to  this. 

If  we  assume  that  a  spherical  particle  of  aluminum  is 
uniformly  coated  with  a  shell  of  AlgO^,  then  from  strength 
considerations  we  can  derive  the  following  expression  for 
evaluating  the  temperature  at  which  a  break  occurs  in  the  middle 
section  of  the  shell: 


At 


f  A  (3~  v»/: 

i 
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where  E  *  0.7 -10  kg/cm  is  the  modulus  of  elasticity  for  A1~0,; 
R  is  the  radius  of  the  particle,  cm;  o  =  2.1-10J  kg/cm  is  the 
ultimate  strength  for  A120^;  6  is  the  thickness  of  the  oxide 
film,  cm. 


In  the  combustion  products  of  heterogeneous  condensed 
systems  and  powders  at  atmospheric  pressure  and  above,  the 
.minimum  temperature . of  the  medium  at  which  aluminum  particle 
ignition  is  observed  is.  noticeably  lower  than  the  boiling  point 
of  the  metal  and  almost  1000°  less  than  the  melting  point  of 
A^O^.  Therefore,  under  these  conditions,  the  process  of  aluminum 
ignition  cannot  be  limited  either  by  the  melting  of  the  protective 
oxide  film  coating  the  particle  or  by  its  disruption  by  -vapor- 
phase  metal.  At  the  same  time,  it  is  'doubtful  that,  in  this 
case,  ignition  is  connected  with  a  disturbance  In  the  density 
of  the  diffusion  barrier  created  by  the  oxide  film. 
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„ _ An  analysis  of  t hr'  pattern  of  variation  in  the  surface 

structure  of  aluminum  particles  as  a  function  of  their  heating 
mode  in  an  oxidizing  atmosphere  provides  a  partial  answer  to 
the  question  of  how  this  disruption  occurs  (see  page  84)*. 

With  low-speed  heating  (S-10  deg/s)  the  surface  of  the 
particle  is  coated  with  a  dense  "rough"  oxide  shell  having 
inhomogeneities  wnich  are  the  result  of  the  "healing"  of  cracks 
which  occur  in  the  shell  during  heating  (to  a  temperature  >  1040°C) 
because  of  the  differences  in  the  coefficients  of  thermal  expan¬ 
sion  for  aluminum  and  its  oxide.  The  cracks  are  not  numerous 
and  the  active  aluminum  passing  through  them  oxides  rapidly  and 
restores  the  protective  functions  of  the  oxide  shell  apparently 
without  substantial  self-heating  of  the  particle.  However, 
even  under  these  conditions  (at  1000°C),  part  of  the  aluminum 
manages  to  react. 

With  an  Increase  in  heating  rate  to  20  deg/s  and  more,  the 
surface  of  the  particle  undergoes  susbstantial  changes.  Indicating 
a  sharp  intensification  of  the  process  of  shell  cracking  and  metal 
oxidation.  The  shell  remains  thin-walled;  however,  it  is  broken 
up  with  a  dense  network  of  fine  seams  and  creases  (see  Fig.  40). 
Moreover,  many  shells  turn  out  to  be  hollow.  Among  the  final 
products  of  the  heating  are  subdispersed  particles  of  oxide  whose 
presence  is  characteristic  for  the  vapor-phase  reaction.  Under 
these  conditions,  the  exothermic  effect  of  the  oxidation  reaction 
must  be  more  appreciable  and  the  self-heating  of  the  particles 
more  powerful.  This  eases  the  requirements  imposed  on  the 
minimum  temperature  of  the  medium  which  ensures  particle  ignition. 

’v- 

‘This  refers  to  page  84  of  the  original  Russian  document,  the 
translation  of  which  appears  on  pages  108,  109.-  Translator's  Note. 
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In  the  burning  of  powders,  particles  are  in  even  more 

rigorous  conditions  of  high-speed  heating.  If  we  assume  that 

the  surface  temperature  of  a  mixed  composition  on  the  average  is 

600-800°C,  the  coefficient  of  thermal  diffusivity  <  »  1.10”^ 

2  -1 

cm  .s  ,  and  the  rate  of  normal  burning  u  *•  5-10  mm/s ,  then  the 
time  required  for  particles  to  pass  through  the  heated  layer  with 
a  700°C  drop  in  temperature  is,  in  order  of  magnitude,  near 


S. 


Hence  the  heating  rate  for  a  substance  and  a  particle  in  the 
reaction  layer  of  the  powder  is,  in  order  of  magnitude,  vio  ^  ueg/s . 
Upon  entering  gas  phase,  a  particle  is  subject  to  comparable  heating 


modes . 


For  this  reason,  the  hypothesis  of  oxide  film  destruction 
is  apparently  fully  valid.  Intensive  self-heating  of  a  particle 
and  the  reduction  of  the  minimum  temperature  of  the  medium,  at 
which  heat  release  from  the  oxidation  begins  to  exceed  heat  loss 
to  the  outside,  finally  becomes  possible.  According  to  experimental 
data  [172,  173,  206,  2^7,  2^2],  for  mixed  condensed  systems  this 
temperature  is  %130C°K. 

It’ should  be  mentioned  that  in  a  medium  of  decomposition 
products  and  the  burning  of  mixed  powders  based  on  ammonium 
perchlorate  there  is  a  large  amount  of  chlorine  and  its  compounds. 

In  the  interaction  of  aluminum  with  chlorine,  aluminum  chloride 
is  formed  [1^33  which  has  a  very  low  (^50°K)  temperature  of 
vaporization  (sub limati on) .  The  reaction  A1  +  1.5  Cl2  =  AlCl^  +  162 
kcal  Is  accompanied  by  heat  release  which  is,  it  is  true,  weaker 
than  in  the  reaction  of  aluminum  with  Ch.,  H20,  or  CO^.  However, 
if  such  an  interaction  occurs,  even  partially,  where  the  molten 
aluminum  comes  in  direct  contact  with  the  ambient  medium,  this 
undoubtedly  must  facilitate  ignition  at  lower  temperatures  of  the 
medium. 
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Since  the  induction  period,  even  in  this  case,  ia  generally 
determined  by  the  heat  exchange  of  a  particle  with  the  ,  medium 
(at, least  up  to  a  temperature  of  1300°K),  its  value  is  proportional 
to  the  square  of  particle  diameter. 

However,  t  is  reduced  quantitatively  (as  compared  with 
gas  burners  and  track  installations)  since  particle  self-heating 
from  the  oxidation  reaction  begins  to  play  a  substantial  role 
when  a  temperature  of  1300-1500°K  is  achieved,  and  the  process 
is  sharply  accelerated. 

If  we  maintain  the  condition  that  the  main  form  of  heat 
exchange  between  particle  and  medium  in  the  induction  period 
is  thermal  conductivity,  i.e.,  time  t  required  for  a  particle 
to  heat  up  to  temperature  T  in  a  medium  with  temperature  T 

H  p  ® 

Is  proportional  to 

Tm-T. 

T  — ■  In  t 

*  «•  '  K|» 

then  we  can  evaluate  the  relationship  between  the  times  required 


for  particles  to  heat  up  to  T. 


1300°K  and  T, 


2300°K. 


For  a  medium  with  *  2500-3000°K,  It  is  3. 5-4.0. 


From  a  comparison  of  experimental  data  it  follows  that  the 
induction  period  of  particles  injected  into  a  flame  from  a  gas 
burner  with  a  temperature  of  2500-3000°K  (Fig.  45)  exceeds,  by 
a  factor  of  approximately  3j  the  T0n  of  particles  introduced 
Into  a  composition  of  heterogeneous  condensed  systems  (see  Fig.  46) 
Introducing  a  correction  for  particle  velocity  lag  makes  this 
difference  even  greater. 

Such  a  correlation  of  results  Is  obviously  not  accidental 
and  indirectly  confirms  the  soundness  of  the  evaluation  of  the 
critical  ignition  temperature  of  aluminum  particles  in  the  above 
media  and  the  reasons  advanced  to  support  them. 
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Thus,  the  minimum  critical  temperature  for  the  medium,  which 
ensures  aluminum  particle  ignition,  i3  determined  by  the  intensity 
of  the  heat  exchange  with  the  ambient  medium,  the  properties  of 
the  medium,  and  the  nature  of  the  impairment  of  the  protective 
functions  of  the  oxide  coating. 

In  many  respects,  the  latter  also  depends  on  the  purity  and 
method  of  obtaining  the  .oxide.  The  presence  of  impurities, 
anodization,  and  amalgamation- reduce  its  density  and  strength 
during  heating,  thereby  facilitating  the  ignition  of  aluminum. 

S  2.  Ignition  of  Beryllium 

Berylli"m  (Be)  is  one  of  the  most  effective  metals  from  the 
energy  point  of  view.  Just  as  aluminum,  it  belongs  to  the  class 
of  "volatile  metals"  C 1 ^ 3 3  *  The  boiling  point  of  beryllium 
(T  *  2757°K)  is  below  the  boiling  point  of  its  stable  oxide 
BeO  (Tmhr  *  I»120°K)  and  below,  though  only  slightly,  its  melting 
point  <Tnn  -  2830°K) . 

Beryllium,  Just  as  aluminum,  is  an  extremely  reactive  element. 
However,  under  ordinary  conditions,  its  activity  is  surpressed  by 
the  presence  of  a  protective  oxide  fi?"*  on  the  surface. 

For  beryllium  the  ratio  of  the  vo?  une  of  oxide  to  the  volume 
of  the  reacting  metal  -  the  Pilllng-Bedworth  criterion  -  is 
8  *  1.68.  This  is  an  indication  of  the  high  density  of  the  surface 
oxide  layer  and  its  protective  properties. 

At  the  present  time,  there  is  very  little  information  on  the 
ignition  and  burning  of  beryllium.  The  m^in  obstacles  to  the 
development  of  experimental  works  in  this  direction  and  the 
barrier  to  wide  practical  use  of  Be  in  rocket  propellants  is  the 
toxicity  of  its  combustion  products  [69]. 
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Therefore,  the  pattern  of  ignition  examined  below  and  the 
conclusions  ensuing  from  it  should  be  considered  preliminary. 

1.  General  Pattern  of  Beryllium  Ignition 

The  ignition  of  beryllium  particles  is  possible  only  in  a 
chemically  active  medium  at  high  temperatures.  The  ignition 
process  is  less  clearly  expressed  in  beryllium  than  in  aluminum. 
Although  with  the  latter  the  transition  to  stationary  burning 
is  accompanied  by  a  sudden  manifold  increase  in  the  brightness  of 
the  track  or  the  glow  of  the  particle,  a  beryllium  particle 
begins  to  glow  rather  Intensely  long  before  the  onset  of  the 
burning  stage.  In  a  medium  with  a  low  oxygen  content  (less  than 
16<)  the  transition  from  the  induction  period  to  burning  has  no  , 
clearly  expressed  boundary  and  is  virtually  indistinguishable. 
This  imposes  a  certain  uncertainty  on  the  establishment  of 
quantitative  ignition  parameters  for  Be  particles. 

Heating  [241]  small  Be  particles  (on  a  sapphire  disk)  in  an 
air  atmosphere  to  1570°K,  which  is  above  the  melting  point  of 
the  metal,  and  maintaining  them  at  this  temperature  for  4  seconds 
did  not  lead  to  ignition.  However,  during  heating,  the  particles 
gradually  lost  their  initial  spherical  shape  and  did  not  regain 
it  subsquently  (Fig.  49). 

After  heating,  some  of  the  particles  became  transparent. 
However,  the  majority  were  coated  with  a  rough  nontransparent 
shell  marked  with  deep  cracks.  This  oxide  shell  consists  of 
two  layers.  The  upper,  rather  thick  layer  has  a  loose  coarse 
structure  and  is  connected  rather  weakly  with  the  particle. 

It  does  not  have  good  protective  properties  and,  consequently, 
cannot  protect  the  metal  from  further  oxidation.  The  second 
dense  layer  of  oxide,  which  has  a  da^k  color,  is  located  under 
the  first  and  tightly  connected  directly  to  the  surface  of  the 
metal.  In  spite  of  its  thinness,  this  layer  is  the  main  obstacle 
to  oxidation  of  the  active  metal. 
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Fic.  49.  Spherical  particles  of  Be  before 
(a,  b)  and  after  heating  in  air  to  1570°K 
(c,  d,  e,  f) . 

Designation:  mk  *  yn. 


The  complex  structure  of  the  oxide  film  hiriders  the  fusion 
of  touching  particles  during  heating  above  the  melting  point  of 
the  pure  metal;  however,  it  does  not  completely  exclude  this 
phenomenon  (Fig.  1)9).  Interesting  results  were  obtained  in  an 
observation  of  the  behavior  of  a  thin  beryllium  foil  heated  by 
a  flash  bulb  [24l]  in  an  oxygen  (20$)-argon  medium  (Fig.  50). 
Separate  holes  appear  in  the  foil  at  the  first  moment.  The 
reason  for  their  appearance,  apparently,  is  the  presence  in  the 
foil  of  active  impurities  which,  with  an  increase  in  temperature 
become  the  localized  centers  of  a  chemical  reaction.  Then  on 
the  oacking  around  it  appears  a  halo  of  subdispersed  oxide, 
which  is  usually  the  proof  of  a  vapor-phase  reaction.  The 
intensity  of  the  formation  of  subdispersed  particles  and  the 
glow  of  the  foil,  parti  cularly  along ‘the  edges  of  the  holes,  are 
even  greater  5 n  this  stage  than  in  the  subsequent  stages  of 
burning.  When  the  melting  point  is  reached,  a  spherical  particle 


coated  with  an  oxide  layer  is  formed  from  the  piece  of  foil. 

If  the  ambient  medium  does  not  contain  water  vapor,  the  oxide  is 
very  durable  and  has  high  reflectivity.  The  presence  of  moisture 
in  the  medium  leads  to  the  appearance  of  the  oxide  shell  consisting 
of  two  layers  which  we  discussed  above.  The  fact  of  the  existence 
of  snbdispersed  oxide  at  temperatures  near,  but  not  exceeding,  the 
melting  point  of  the  metal  is  quite  significant.  This  means  that 
even  in  this  3tate  Be  has  very  noticeable  vapor  pressure  and  the 
protective  properties  of  its  oxide  shell  are  more  comparable  with 
aluminum.  The  density  of  the  oxide  coating  is  a  function  not 
only  of  the  composition  of  the  medium  in  which  Be  oxidation  occurs; 
it  depends  greatly  on  the  method  of  processing  and  the  degree  of 
surface  purity  of  the  initial  material. 


Fig.  50.  Behavior  of  beryllium  foil  during 
heating  (P  <  1  atm)  in  an  02~Ar  medium  by  a 
flashbulb. 

Designation:  mh  * 
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Table  15  presents  data  on  the  degree  of  purity  and  the 
method  of  processing  the  surface  of  wires  whose  behavior  was 
studied  during  heating  in  various  gaseous  media  C 25 3 3 • 


Table  1‘ 


Characteristics  of  beryllium  wires 


Type 

Processing 

technique 

1 

Degree  of 
purity  Be,  % 

Special 

processing 

I 

Drawing 

96 

II 

Drawing  and  annealing- 

96  ; 

III 

Drawing,  annealing, 
etching 

98 

IV 

Drawing  and  annealing 

98 

Etching  and  coating 
of  Fe 

V 

ft  W  It 

98 

Etching  and  coating 
of  Cu 

VI 

Drawing,  annealing, 
etching 

"  1 

98 

* 

The  initial  pressure  (7  atm)  and  characteristic  dimensions 
of  the  specimen  (diameter  0.5  nun  and  length  50-100  irm)  excluded 
the  effect  of  these  parameters  on  the  heating  and  ignition  of 
the  wires . 


Wires  of  types  I  and  II  were  coated  with  an  oxide  layer 
(the  weight  of  the  oxide  was  2%  of  the  weight  of  the  wire). 

During  heating:  in  an  inert  medium  -  argon,  which  prevents 
additional  oxide  formation  -  these  wires  elongate  and  sag  when 
the  melting  point  is  reached.  Further  heating  causes  the  wires 
to  begin  to  stretch  again  between  the  electrodes  (at  a  temperature 
470-7Q0°C  below  the  melting  point  of  BeO)  and  then  to  break. 
Rupture  usually  occurs  at  the  melting  point  of  BeO. 


Wires  of  types  V  and  VI,  which,  unlike  the  pr.  ceding  type, 
were  coated  with  a  thinner  layer  of  oxide  (!<),  broke  in  argon 
at  a  temperature  500°C  below  the  melting  point  of  BeO.  The 
application  of  a  coating  cf  iron  or  chromium  on  the  surface  of 
etched  beryllium  did  not  change  the  strength  of  the  oxide  shell 


Experimental  data  indicates  that  in  the  behavior  during 
heating  there  is  much  in  common  with  aluminum.  However,  at  the 
same  time,  there  are  certain  differences. 

In  the  first  place,  there  is  the  structure  of  the  oxide 
film  and  its  properties,  the  process  of  transition  to  the  stage 
of  self-sustaining  burning,  and  the  strength  of  the  oxide  coating. 

2.  Particle  Ignition  Temperature 

One  of  the  determining  factors  in  the  ignition  of  Be  is  the 
strength  of  its  oxide  coating. 

Type  I  wires  (see  Table  15) ,  whose  surface  after  drawing  is 
coated  with  a  thin  layer  of  lubricant  which  is  difficult  to 
remove,  broke  in  an  oxygen  atmosphere  at  19^0°K.  Ignition 
did  not  occur.  After  preliminary  annealing  (type  II),  the  wires 
Ignited  in  the  2400-2820°K  range  without  breaking.  Before  ignition 
separate  bright  areas  with  higher  temperature,  near  the  melting 
point  of  BeO,  appeared  on  the  surface  of  the  wire.  The  application 
of  a  thin  film  of  iron  on  the  surface  of  the  wires  (type  IV)  did 
not  change  the  pattern  of  oxidation  and  ignition  in  Be.  Chrome¬ 
plating  has  a  different  effect.  Wir began  to  break  at  temper¬ 
atures  only  approximately  100°  above  the  melting  point  of  Be. 

The  process  had  a  local  character.  However,  ignition  did  not 
occur  even  In  a  medium  of  pure  oxygen  (P  =  7  atm)..  The  reason 
for  such  variation  lies  in  the  fact  that  chrome-plating  prevents 
the  oxidation  of  beryllium  during  heating  and  thus  eliminates 
the  growth  of  the  oxide  film  on  the  surface  of  the  metal.  Actually 
the  preliminary  oxidation  of  the  etched  wires  in  an  air  atmosphere 
(type  V)  increased  their  breaking  temperature  by  almost  500°C 
(100°C  above  melting  point).  The  breaking  process  ended  with 
ignition. 


With  respect  to  ignition  temperature,  type  III  wires  occupy 
an  intermediate  position  between  types  II  and  VI. 

The  composition  oi  the  oxidizing  medium  is  no  less  important 
than  the  state  of  the  surface  for  the  ignition  of  Be  (Fig.  51). 

The  effect  of  oxidizer  concentration  on  the  temperature  of 
the  medium  at  which  the  ignition  of  finally  dispersed  beryllium 
particles  is  ensured,  in  the  first  approximation,  is  experimentally 
traced  In' reference  [135].  If  the  temperature  of  a  hydrogen- 
oxygen  flame  (02  <  20%)  did  not  exceed  2600°K,  particles  with  a 
diameter  of  30-35  Mm  virtually  did  not  ignite.  For  a  flame  with 
a  lower  concentration  of  free  oxygen,  this  critical  level  for  the 
temperature  of  the  medium  increased,  gradually  approaching  T  - 
=  2?50°K.  However,  even  in  the  case  of  a  high  oxygen  concentration 
in  a  flame  (02  >  20%),  we  cannot  speak  strictly  of  the  existence 
of  a  maximum  critical  temperature  for  the  medium,  as  we  did  with 
aluminum.  In  the  2600-2800°K  range  the  number  of  igniting  particles 
did  not  exceed  30%.  In  dry  atmosphere,  other  conditions  being 
equal,  the  total  percent  of  ignition  was  higher  than  it  was  in 
the  presence  of  H^O  [254].  At  2900°K  in  a  hydrogen-oxygen  atmo¬ 
sphere,  almost  100%  of  Be  particles  ignite, 


Fig.  51.  Ignition  temperature  of 
thin  beryllium  wires  in  an  H20-02 
medium;  P  -  J  atm. 


These  data  are  very  limited.  However,  they  confirm  [129] 

(also  very  limited)  the  results  of  the  Ignition  of  finely  dispersed 
particles  of  beryllium  (d  =  35- ^ 5  Mm)  in  a  complex  flame  of 
combustion  products  from  a  system  of  ammonium  perchiurate- 
trihydroxymethylene ,  whose  characteristics  are  presented  in 
Fig.  22.  Full  pressure  in  the  Installation  varied  from  2.4  to 
50  atm. 


Particles  began  to  ignite  at  a  temperature  around  23B0°K 

if  partial  oxygen  pressure  exceeded  4-6  atm.  As  the  oxygen 

concentration  in  the  flame  decreased  the  ignition  of  beryllium 

became  more  difficult  and  at  Pn  <0.1  atm  failures  were  observed 
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even  at  temperatures  near  2650°K.  Thus,  in  enriched  fuel  mixtures 
the  critical  temperature  of  the  flame,  necessary  for  the  ignition 
of  Individual  particles,  approaches  the  boiling  point  of  beryllium 
(Fig.  52).  Let  us  emphasize  that,  in  this  case,  we  are  speaking 
of  the  temperature  of  medium  and  not  the  temperature  of  the 
particles  at  the  moment  of  ignition,  as  was  the  case  during  the 
ignition  or  breaking  of  thin  wires  heated  electrically.  For  the 
latter  the  heating  mode  and  heat  losses  can  differ  sharply  from 
those  of  particles.  Undoubtedly,  for  beryllium  the  self-heating 
of  particles  due  to  heat  release  during  the  chemical  reaction  of 
high-temperature  oxidation  plays  a  more  noticeable  role  than  for 
aluminum. 


Fig.  52.  Ignition  temperature  of 
beryllium  particles  as  a  function 
of  P„  .  Solid  line  corresponds  to 
u2 

ignition  limit,  □  -  no  ignition; 
O  -  ignition. 


3.  Induction  Period 


Quantitative  parameters  for  the  ignition  of  Be  particles  are 
determined  under  the  specific  conditions  of  the  flame  from  a  gas 
K,,««nn  ( v  -  1  o+-,m  al  nr>psKiir,p  rtf  nvvfrfm  0.16—0.4^  atm.  of 

u  ui  iiv>  a  \  *■  j.  v  .  win  |  ^  ~  — - -  —  —  -  — 

carbon  dioxide  0.42-0.56  atm,  T  =  2400-2920°K)  [254]. 


The  dependence  of  the  experimental  t'  on  diameter  is  not 

p  cz  0n 

subject  to  square  law:  T^n  o,  d  . 

Table  16  presents  the  values  of  the  directly  measured,  l.e., 
"conventional,''  induction  neriod  r*  and' the  induction  period 

7  ‘BP. 

t  with  allowance  for  a  correction  (according  to  (III.l))  for 
b  n 

the  velocity  lag  from  the  gas  flow. 

Table  16.  Values  of  r*  and  x 

Bn  Bn 

for  beryllium  particles  with  an 


average  diameter  of  < 

d  =  32 

um  [254] 

Partial  oxygen 

r-  - 1 

hill'  "k 

pressure  p,  atm 

*DIT 

"nn  | 

i 

0.10 

11,2 

13.2 

2500 

0.23 

»-l  * 

r. .  i 

.  2000 

0,30 

1  11.4 

13.4 

2310 

0,  Vt 

10,4 

12,  i 

2400 

For  particles  32  pm  in  diameter  this  correction  is  small, 

10-20$.  The  possible  error  connected  with  the  inaccuracy  of 
parameters  n  and  VQ  is  much  less  substantial  for  beryllium  than 
for  aluminum. 

If,  in  the  preflame  period,  the  particle  is  heated  from 

ambient  gas  exclusively  by  thermal  conductivity  and  subsequently 

burns  in  a  diffusion  mode  in  vapor  phase,  then  t  and  t  must 

p  r  en 

be  proportional  to  a  .  When  these  assumptions  are  valid  with 
respect  to  beryllium,  the  graph  (Fig.  53)  must  be  a  straight  line 
passing  strictly  through  the  origin  of  coordinates.  In  reality 
this  is  not  accomplished:  the  extrapolation  of  straight  lines 
in  coordinates  t  -  r  to  the  origin  of  coordinates  intercepts 
the  positive  segments  on  the  axis  of  ordinates.  The  reason  for 
this  lies  in  the  more  complex  mechanism  of  preflame  particle 
heating,  which  combines  the  heat  transfer  due  to  thermal  conductivity 
with  the  supplementary  chemical  heating  on  the  surface  of  the 
particle . 


The  use  of  expression  (III. 2)  to  solve  the  reverse  problem  - 
finding  the  ignition  temperature  of  a  particle  at  the  moment  of 
ignition,  according  to  the  experimentally  determined  value  of 
the  induction  period  -  qualitatively  confirmed  this  assumption 
(see  Table  16)  . 

Fig.  53.  Burning  time  t_  versus  t__ 

i  Bn 

for  beryllium  particles  (d  =  32  ±  6  pm) 
at  different  P  and  T:  1  -  Pn  =0.16  atm, 

u2 

T  =  2970°K;  2  -  Pn  ■  0.23,  T  =  2950; 

u2 

3  -  Pn  -  0.36,  T  =  2880;  H  -  Pn  = 
u2  u2 
=  0.^3  atm,  T  =  2830°K. 

From  Table  16  it  follows  that  the  degree  of  self-heating 

Increases  as  the  partial  oxygen  pressure  in  the  medium  increases: 

T  drops  with  an  increase  in  P«  . 
an  ^  C>2 

Characteristics  of  the  Ignition 
Process  of  Beryllium  Particles 

The  Ignition  process  of  Be  is  heterogeneous  in  nature  and 

similar  to  the  ignition  of  aluminum.  However,  at  the  same  time, 

it  has  several  specific  differences.  First,  for  beryllium  the 

transition  to  the  stage  stationary  self-sustained  burning  is 

less  clearly  expressed:  ohe  particle  begins  to  glow  distinctly 

even  before  the  onset  of  vapor-phase  burning.  Second,  the 

Ignition  of  beryllium  occurs  at  a  higher  temperature  of  the  medium: 

T  >  2000°K.  Third,  the  induction  period  of  beryllium  is  very 

cp  — 

sensitive  not  only  to  temperature  but  also  to  the  composition  of 
the  ambient  medium  (in  the  first  place,  to  the  Op  and  H^O  concen¬ 
tration).  In  addition,  t  is  not  strictly  subject  to  a  square- 

Bn  p  f- 

law  dependence  on  diameter  and  is  proportional  to  ^d  . 


The  explanation  of  these  features  should  first  of  all  be 
considered  from  the  point  of  view  of  the  structure  and  physical 
properties  of  the  film  coating  the  particle  in  its  natural  state. 
For  beryllium  the  Pilling-Bedworth  criterion  is  0  =  1.68.  This 
means  that  the  oxide  film  has  no  less  protective  properties  than 
that  of  aluminum.  In  a  high-temperature  oxidizing  atmosphere 
(02>  H20,  COO  in  the  1500-l800°K  region  (i.e.,  in  the  region  of 
beryllium's  melting  point)  the  oxidation  of  beryllium  increases 
sharply  and  is  proportional • to  the  pressure  of  the  oxidizing 
reagent  to  the  degree  0.5  (02  or  HgO  medium)  -  0.8  (N02  medium). 

In  the  same  temperature  range  the  oxidation  process  in  time 
occurs  according  to  linear  law. 

Hence  It  follows  that  the  oxide  layer  which  forms  during 
heating  in  an  active  medium  does  not  limit  the  subsequent 
oxidation  of  the  metal  and  is  not  such  an  active  diffusion 
barrier  as  it  Is  with  aluminum. 

A  possible  reason  also  is  the  impairment  of  the  structure 
(cracking)  of  the  BeO  film  because  of  the  differences  In  the 
coefficients  of  thermal  expansion  for  the  molten  metal  and  the 
solid  oxide  and  the  presence  of  low-temperature  impurities, 
additions,  and  coatings  (natural  or  special). 

Since  the  reaction  rate  and,  consequently,  the  heat  release, 
other  conditions  being  equal,  depends  on  the  oxidizer  concentra¬ 
tion  and  the  temperature,  the  strong  dependence  of  t  on  medium 
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activity  and  temperature,  as  well  as  the  glow  of  the  particles 
In  the  induction  period,  have  a  reasonable  explanation. 

The  second  factor,  which  should  also  be  taken  into  considera¬ 
tion  when  studying  the  ignition  process.  Is  the  thermophysical 
properties  of  the  medium  (heat  capacity,  heat  conductivity). 

In  the  temperature  range  where  inten;  Ivq  self-heating  of  particles 
begins  as  a  result  of  chemical  reaction  and  the  temperature  of  the 


particle  becomes  greater  than  the  temperature  of  the  medium,  the 
latter  plays  the  role  of  heat  drain  with  respect  to  the  particle. 

It  is  natural  that  the  intensity  of  heat  loss  to  the  outside  will 
be  determined  by  the  coefficient  of  heat  transfer  and  tne  radiating 
capacity  of  the  particles  of  beryllium  oxide,  which  is  greater 
than  the  radiating  capacity  of  AlgOg*  For  example,  in  an  argon 
medium  the  process  of  cooling  a  beryllium  particle  occurs  approxi¬ 
mately  3  times  as  fast  as  in  air  (Fig.  54). 


■  t 

Pig.  54.  Temperature  variation 
of  a  beryllium  specimen  over  a 
period  of  time  in  different  media. 
1  -  Air;  2  -  argon. 
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Thus,  the  minimum  temperature  of  the  medium  which  ensures 
the  ignition  of  beryllium  particles  in  it  will  be  determined  by 
the  chemical  activity  (Fig.  55)  and  the  properties  of  the 
medium  [282].  They,  ir.  conjunction  with  the  physical  properties 
of  the  BeO  oxide  film,  are  the  main  reasons  for  the  stronger 
(than  square-law)  dependence  of  t  on  particle  diameter.  At  the 
same  time,  the  temperature  of  particles  at  the  moment  of  ignition 
and  burning,  just  as  In  the  case  of  Al,  is  apparently  equal  to  the 
boiling  point  of  the  pure  metal.  However,  it  is  not  possible 
to  obtain  vapor-phase  burning  of  beryllium  samples  or,  in  the 
extreme  case,  to  increase  their  temperature  to  T  >  2200CK  in 
an  H20  (vapor)  atmosphere.  At  the  same  time,  the  oxidation  of 
the  metal,  in  this  medium,  occurs  quite  actively  and  is  accompanied 
by  the  formation  of  an  oxide  which  has  a  complex  double  structure: 
an  upper  thick  porous  layer  and  a  lower  thin  dense  layer  which 
protects  the  particle  from  oxidation. 


Fig.  55.  Quantity  of  gas  which 
has  reacted  during  the  oxidation 
of  a  beryllium  specimen  (l  *  12 
mm,  <3—^4  mm)  at  l£70°K  in  tho 
following  media:  1  -  (02  (p  - 

«  228-480  mm  Hg) ;  2  -  N-,  (p  * 

*  306-337);  3  -  C02  (p  -  632-660); 

4  -  CO  (p  »  409-454);  5  -  NO  (p  « 

■  330-358);  6  -  (p  »  500  mm  Hg) . 

c  2  o 

Designations:  mr/cm  =  mg/cm  ; 
mhh  *  min. 


The  exclamation  lies  in  the  fact  that  during  the  reaction  of 
beryllium  with  water  free  hydrogen  is  formed.  Its  liberation 
loosens  the  upper  oxide  layer  and  suppresses  (because  of  the 
reduction  in  the  rate  of  heat  release  and  the  diffusion  of  the 
oxidizer,  as  well  as  the  increase  in  heat  transfer)  the  reaction 
of  vapor-phase  burning. 


Of  the  theoretical  analyses  on  the  ignition  of  Be  particles, 
reference  [253]  should  be  noted.  For  each  specific  parcicle 
three  heating  stages  are  examined:  the  first  stage  consists  of 
the  heating  of  the  particle  to  melting  point;  the  second  stage 
consists  of  the  Isothermal  transformation ;  tine  third  stage 
consists  of  the  heating  of  the  liquid  drop  to  Ignition  temperature. 
The  heating  of  particles  occurs  because  of  the  heat  exchange 
with  the  ambient  medium  without  taking  the  chemical  reaction 
into  account. 

The  following  assumptions  are  also  made:  a)  the  velocity 
of  motion  differs  from  the  velocity  of  the  gas  by  constant 
quantities;  b)  the  effect  of  this  difference  in  velocities  on 
heat  exchange  is  not  negligible;  c)  the  change  in  particle 
density  and  diameter  during  melting  i-s  not  small. 
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The  results  of  calculating  the  temperature  of  a  particle 
over  a  period  of  time  and  the  value  of  the  induction  period  during 
heating  to  a  given  temperature  are  presented  in  Fig.  56.  However, 
these  data  are  rather  illustrative  in  nature. 


A  B 


Fig.  56.  Variation  in  temperature  (A)  and  t  (B)  of  a 

8  n 

beryllium  particle,  d  «  20  ym  (TQ  ■  500°K) .  The  difference 

in  the  velocity  of  particle  motion  and  the  flow  rate  AV  * 

-  5791-6096  cm/s.  A:  1  -  3500;  2  -  3006;  3  -  2500: 

4  -  2G00CK;  B:  1  -  2820;  2  -  2400;  3  -  2100;  4  -  1800; 

5  -  1500°K. 

Designation:  MceH  *  ms. 

[ra3  -  gas] 

5  3-  Ignition  of  Boron 

Boron  can  be  conditionally  placed  in  the  category  of  metals 
having  a  volatile  oxide. 

The  Pilling-Bedworth  criterion  for  boron  is  8  *  2.46.  This 
me-Jis  that  the  surface  of  the  particles  during  oxidation  must 
be  coated  with  a  protective  layer  creating  an  effective  barrier 
to  the  flow  of  t.*e  gaseous  oxidizer. 

The  ignition  of  boron  occurs  only  in  a  high-temperature 
oxidizing  medium.  All  attempts  to  Ignite  a  particle  of  ultrafine 
powder  (d  *  0.02-0.06  pm)  of  boron  in  a  nitrogen  atmosphere  below 
T  <  1170°K  have  been  unsuccessful.  It  has  beer  established  by 
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chemical  analysis  that  after  calcination,  less  than  1>  was 
contained  in  the  products.  A  similar  result  was  obtained  during 
the  heating  of  boron  powder  in  a  CO.,  atmosphere  (T  <_  1200°K)  [2^9]. 

V 

Later  studies  have  shown  that  the  ignition  temperature  of  . 
crystal  boron  at  atmospheric  pressure  is  a  function  of  the  activity 
of  the  medium  and  depends  cn  the  initial  particle  size  of  boron. 

In  the  work  of  Gurevich  and  colleagues  [255]  the  critical 
temperature  of  the  medium,  necessary  for  the  ignition  of  crystal 
boron  (particle  shape  near  parallelepiped),  was  evaluated  according 
to  the  cessation  (beginning)  of  particle  burning  in  a  flow  having 
a  velocity  of  10-20  m/s. 

Figure  57  presents  the  results  of  an  experimental  change 
in  critical  temperature  «s  a  function  of  particle  size  with 
various  contents  (per  volume)  of  oxygen  or  water  vapor  (diluent  - 
«irgon  or  nitrogen)  .  Regardless  of  the  composition  of  the  medium, 
critical  ignition  temperature  was  lower  for  a  large  particle. 

In  the  size  range  50-250  urn  the  difference  in  critical  temperature 
was  ^500°C. 


Lt  ■ 


■ 


Fig.  57.  Ignition  temperature  of  boron 
particles  as  a  function  of  their  size 
with  different  contents  of  H20  (solid 

lines)  and  0^  (dashes)  in  a  mixture  with 


Ar  and  N, 


1  -  15*;  2  -  30>j  3  -  *5% 


kb  zoo  3,  um  H^O  (or  C^). 


SO  cm*/L 


Fig.  58.  Ignition  limit  of  clusters 
of  boron  150  urn  in  size  as  a  function 
of  the  percent  of  H^O  In  a  mixture 


with  N2(T  = 
(T  >  900°C) 


900°C)  and  h’2  +  Ar 


WW*1' 


to  4 iifc&U&ii 


For  large  particles  (d  ■  200-250  ym)  with  low  concentrations 
of  the  oxidizing  reagent,  the  replacement  of  H^O  by  02  has  less 
effect  on  critical  temperature  than  in  the  case  of  fine  particles 
(d  %  50  ym) .  The  critical  ignition  temperature  of  particles  with 
a  diameter  of  less  than  50  ym  in  an  oxidizer  concentration  not 
exceeding  50$  is  above  1700-1800°K. 

o 

Clusters  of  fine  particles  (hundreds  of  A)  of  amorphous 
boron  are  ignited  rather  easily  at  even  lower  temperatures  (Fig.  58) 
than  particles  of  crystal  boron  of  equivalent  size.  In  a  water 
vapor  medium,  clusters  with  a  diameter  of  25  ym  begin  to  ignite 
even  at  1070°K,  and  with  a  diameter  of  150  ym  at  600°K.  This 
result  could  be  expected.  This  case  is  virtually  equivalent, 
in  its  nature,  to  a  reduction  in  the  ignition  limits  of  powdered 
metals  during  the  heating  of  the  latter  on  a  base  or  In  a  flow  of 
gas  (Increased  concentration  of  particles)  and  has  the  same 
explanation:  a  decrease  in  heat  losses  to  the  outside,  an  increase 
in  heat  supply  (thermal  conductivity  and  radiation)  from  neighboring 
particles,  a  division  of  surface,  and  an  increase  in  the  role  of 
self-heating  due  to  chemical  reaction. 


However,  the  temperature  of  the  particle  itself  (Ten)  at  the 
moment  of  ignition,  as  a  rule,  does  not  coincide  with  critical 
temperature. 


The  temperature  of  boron  particles  at  the  moment  of  ignition 
was  evaluated  In  reference  [256 J.  A  study  was  made,  using  a 
gas  burner.  In  combustion  products  of  CO  or  propane  in  oxygen 
(p  ■  1  atm)  (Table  17)- 

The  distance  x  from  the  point  of  r article  injection  into 
\  Bn 

the  flow  to  the  point  of  the  appearance  of  a  visible  particle 
glow  Is  an  experimentally  determined  quantity.  The  particle 
ignition  temperature  is  given  by  the  solution  to  the  following 
system  of  equations: 


dT 

dt 

dr 

dt 


(III.it) 

(111. 5) 

(111. 6) 


on  the  assumption  that  the  particle  is  spherical  with  an  average 
diameter  d  and  there  is  no  self-heating  of  the  particle  due  to 
chemical  reaction.1 


Table  17.  Temperature,  velocity  and  composition 
of  flame  (in  mole  fractions)  [256], 


Compo¬ 

sition 

No. 

T,  *K 

'r. 

cnv^s 

Composition  of 

flame 

cn, 

CO 

V. 

0 

OH 

0. 

1 

r.’sn 

0 

0,30 

»*> 

0,13 

0.01 

0 

0,23 

2 

2  WO 

3  10 

0 

0,33 

0,01 

0,13 

0,01 

0 

0,20 

.1 

2*70 

000 

0 

0,15 

n.09 

0.0.3 

II 

0.2.1 

i 

22  W 

H20 

o.ir, 

n.il 

0.01 

0.50 

0 

o.ot 

0, 1!* 

i 

23.1*  • 

llJiO 

Cl,  If. 

•M2 

ft, Ml 

0.17 

0 

0.01 

o.2l 

r. 

2  V* » 

t3s" 

O.l'.l 

0.13 

n.f>2 

0.15 

i\ 

»V'2 

O.l'.l 

1 

2>>  V) 

(i.2l 

0.15 

•1.03 

0,35 

o.m 

0,1  if 

•O' 

t 

run 

365 

0 

0,35 

0,0.3 

0,32 

0,01 

0 

O.^H 

P 

' 

2150 

|  360 

0 

n,3i 

0,02 

0,25 

0,01 

0 

0.37 

The  results  of  corresponding  measurements  (x  )  and  (T  ) 
\  b  n  an 

are  presented  in  Table  18. 


From  an  analysis 
temperature  of  the  pari 


bf  the  tabular  data,  it  follows  that  the 
Iticle  at  the  moment  of  ignition  does  not 
depend  on  d  or  the  temperature  of  the  ambient  medium.  However, 
in  a  humid  medium,  containing  16-21%  H20  (compositions  5-8), 
it  is  approximately  130°  lower  than  in  a  ary  (compositions  1-3) 
medium,  i.e.,  1992  ±  l6°K  and  i860  ±  2^°K.  This  difference  can 


*The  radiative  cap 
liquid  is  taken  a 


acity  of  a  B  particle  coated  with  a  film  of 
is  e  £  0.5. 
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be  connected  with  the  chemical  nature  of  the  reaction  of  high- 
temperature  oxidation.  We  know  [873  that  in  the  reaction  of 
boron  with  water  it  is  possible  to  form  metaborcn  acid  HB02  which 
has  very  noticeable  volatility.  However,  we  cannot  exclude 
inaccuracy  in  the  method  of  evaluating  Ten. 1 


Table  18.  Average  distance  x  „  and 

an 

Tan  of  boron  particles  [256]. 
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The  ignition  temperature  of  boron  particles  30-50  pm  ir 
diameter,  determined  by  the  shock  tube  method  in  an  air  medium 
(p  »  1  atm),  is  ^1900°K.  The  fact  that  the  temperature  of  the 
particle  at  the  moment  of  ignition  is  below  the  melting  point 
of  boron  and  the  boiling  point  of  is  noteworthy ,  This  means 

that  on  the  solid  surface  of  the  particle  there  is  a  film  of 
liquid  oxide  which  creates  additional  resistance  to  the  diffusion 
of  the  oxidizer  toward  the  particle. 

An  approximate  evaluation  of  the  ignition  temperature  of 
large  boron  particles  in  oxygen  at  a  pressure  of  1  atm  was  made 
by  Tally  [144].  The  evaluation  was  made  under  the  condition 

‘The  average  velocity  Vp  of  gas  in  the  second  group  cf  compo¬ 
sitions  is  greater  by  a  factor  of  5  than  in  the  first  (see  Table  !!')• 
Since  the  calculation  assumes  that  Vq  «  u  it  is  possible  to  have  an 

error  connected  with  the  inaccuracy  of  the  determination  of  parti¬ 
cle  velocity  at  the  moment  of  entrance  into  the  flame  front. 


that  at  the  moment  of  ignition  the  heat  release  due  to  chemical 
reaction  was  equal  to  the  heat  losses  from  radiation  4>2  in 
accordance  with  Stefan-Boltzmann  law  (the  radiating  capacity  of 
boron  particles  was  taken  as  0.8). 

Under  these  assumptions.,  Qp  *  0.65*10-1^  cal/em^  /r.  n.  The 
expression  for  the  rate  of  heat  release  was  obtained  ru  c.  a  basis 
of  kinetic  data  of  boron  oxidation  at  T  <  1500°K. 

<r>j  =  6,0.i0lo.cxp(-38  000 /nT),  cal/cm2  *min. 

The  condition  =  4>0  is  satisfied  by  the  value  T0n  =  2200°K. 
This  temperature  is  taken  as  the  ignition  temperature  of  boron 
particles.  This  evaluation  is  naturally  only  approximate  because 
of  the  approximate  character  of  the  assumptions  and  the  kinetic 
parameters.  However,  in  spite  of  this,  the  obtained  value  for 
ignition  temperature  is  near  the  earlier  introduced  experimental 
data. 


The  induction  period  of  individual  boron  particles  in  a 
medium  of  36#  H.-.0  +  6li%  Ar  was  determined  according  to  the 

c. 

distance  between  injection  points  and  the  origin  of  the  visible 
glow  and  the  velocity  of  particle  motion.  The  values  for 
ignition  delay  are  presented  below. [255]: 
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The  above  examined  qualitative  and  quantitative  experimental 
factors  dealing  with  the  ignition  of  individual  particles  of 
crystal  boron  make  the  following  conclusions  possible.  The  proces 
of  boron  particle  ignition  in  a  high-temperature  oxidizing  medium 
has  a  heterogeneous  nature.  Below  1500-1900° K  the  particle  burns 


almost  entirely  due  to  heat  conductivity  from  the  surrounding 
gas  without  a  noticeable  effect  from  the  chemical  reaction  of 
oxidation.  At  these  temperatures  the  particle  has  a  yellow  glow. 


Beginning  at  1900°K  and  above  a  substantial  heat  release 
sets  in  because  of  the  chemical  reaction  of  oxidation  on  the 
surface  of  the  particle.  This  additional  source  of  heat  either 
competes  with  the  heat  release  to  the  outside  if  the  particles 
are  heated  to  temperatures  exceeding  the  temperature  of  the  ambient 
medium  or  accelerates  the  heating  of  particles  if  the  temperature 
of  the  medium  is  greater  than  the  temperature  of  the  particle. 
Ultimately  the  temperature  of  the  particle  increases  and  the 
ignition  stage  changes  into  the  burning  stage. 

The  temperature  of  the  particle  at  this  moment  lies  between 
the  melting  point  (according  to  data  from  [255],  the  particles 
are  in  liquid  state  during  burning)  and  the  boiling  point  of 
boron  (at  p  =  1  atm,  T  =  2850°K). 

The  differential  equation  describing  the  average  temperature 
of  the  particle  In  the  ignition  stage  can  be  written  in  the  form 
[256] 


ar 

dt 
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mrt  -0  a.1.  + 


Ok  Nu 

I zrirr-r;, 


(III. 7) 


where  ■/, ,  E,  AH  are  the  prer  xponents ,  activation  energy,  and  heat 

of  chemical  reaction  on  the  surface  of  the  particle;  cr  is  the 

u2 

concentration  of  oxygen  in  the  medium. 


The  first  term  on  the  right  side  of  the  equation  describes 
the  change  in  particle  temperature  due  to  the  chemical  reaction 
of  oxidation;  the  second  takes  into  account  the  heat  exchange 
with  the  ambient  medium. 


With  a  decrease  in  particle  diameter  the  coefficient  of 
gas-particle  heat  transfer  (Nu  »  const)  increases.  Hence  it 
follows  from  the  equation  that  although  the  rate  of  temperature 
increase  due  to  the  reaction  on  the  surface  grows  in  inverse 
proportion  to  the  diameter,  the  increase  in  the  rate  of  heat 
exchange  due  to  convection  plays  a  more  substantial  role. 

Small  particles  in  a  medium  with  comparatively  low  temperature 
reach  an  equilibrium  temperature  significantly  higher  than  the 
temperature  of  the  gas.  If  equilibrium  between  heat  transfer 
to  the  outside  and  heat  supply  due  to  the  chemical  reaction  oh 
the  particle  is  achieved  at  temperatures  below  the  boiling  point 
of  boron,  the  reaction  occurs  on  the  surface  of  the  particle. 

With  small  particle  diameter  the  surface  reactions  are  the 
determining  mechanism  in  the  burning  of  boron. 

§  .  Physical  Model  of  Metal 

Particle  Ignition 

Most  metals  have  on  their  surface  an  oxide  film  whose 
properties  can  be  very  different  in  various  media  and  temperature 
ranges  (see  Chapter  I).  As  we  have  seen,  this  leads  to  the  fact 
that  for  given  metals  the  rate  of  the  oxidation  reaction  depends 
not  only  on  temperature  and  concentration  of  the  oxidizing  reagent 
In  the  ambient  medium,  bat  also  on  the  protective  properties  of 
the  oxide  film. 

An  analysis  of  the  characteristics  of  the  particle  ignition 
process  which  occur  because  of  the  peculiarities  of  the  kinetic 
laws  of  metal  oxidation  is  presented  in  reference  [355]  by 
Khaykin,  Blosheriko,  and  Merzhanov. 

Conditions  for  the  ignition  of  spherical  metal  particles 
are  found  from  the  joint  solution  of  the  equations  of  heat 
balance  (III. 8)  and  the  kinetic  law  of  oxidation  (III. 9): 
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where  rQ ,  6  are  the  .radiu  of  the  particle  and  the  thickness  of 
the  oxide  film;  kn>  E,  m  are  the  preexponent,  activation  energy, 
and  the  order  of  reaction  with  respect  to  the  oxidizer  in  the 
appropriate  law  of  metal  oxidation;  c  is  the  concentration  of 

•  OK 

the  oxidizer  on  the  surface  of  the  particle;  T  ,  T  are  the 
temperatures  of  the  ambient  medium  and  the  particle;  c,  p  is  the 
specific  heat  capacity  and  density  of  the  metal;  1  is  the 
coefficient  of  thermal  conductivity  for  the  gas;  Q  is  the  thermal 
effect  of  the  reaction  for  1  g  of  oxide  multiplied  by  t*e  density 
ratio  of  the  oxide  and  metal. 

The  index  n  represents  the  dependence  of  the  oxidation  rate 
ori  the  thickness  of  the  oxide  film,  i.e.,  oxidation  law  (n  =  0  - 
linear  law,  n  -  1  -  parabolic, n  -  2  -  cubic,  etc).  The  authors  , 
have  limited  themselves  to  an  examination  of  only  the  power, 
laws  of  oxidation,  assuming  that  the  characteristics  of  the 
logarithmic  (i.e.,  stronger)  laws  of  oxidation  will  be  manifested 
in  a  stronger  dependence  of  oxidation  rate  on  6,  while  the  laws 
governing  oxidation  will  be  similar  to  the  case  with  a  large 
value  for  index  n. 

The  conditions  for  metal  particle  ignition  are  determined 
by  the  rate  of  heat  release  due  to  the  oxidation  reaction  and 
i'he  rate  of  heat  drain  from  a  particle  to  the  ambient  gas  und  r 
the  following  initial  conditions: 

where  6h  >  TR  are  the  initial  thickness  of  the  oxidizing  film  and 
the  temperature  of  the  particle. 


By  ignition,  as  usual,  we  mean  the  interruption  of  thermal 
equilibrium  leading  to  a  self-accelerating  increase  in  the 
temperature  of  the  particle.  For  small  particles,  i.e.,  for 
small  Re  numbers,  the  Nusselt  number  is  near  2  (Nu  %  2). 


By  a  replacement  of  variables,  the  system  of  equations  is 
brought  to  dimensionless  form,  which  is  similar,  in  form,  to  the 
system  of  equations  describing  a  thermal  explosion  [27^]: 
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The  basic  difference  lies  in  the  form  of  function  <f>(n). 


In  the  theory  of  thermal  explosion,  function  <j>(n)  is  taken 
in  the  form  <f>( n )  ~  (I  -  n)n  where  n  is  the  burn-up  of  the 
.  ubstance.  Solution  of  the  system  is  possible  only  for  case 
Y  <  1. 

In  the  examined  problem,  parameter  n  characterizes  the 
relat  e  increase  in  the  thickness  of  the  oxide  film,  and  the 
charac  r  of  the  solution  to  the  system  of  equations,  to  a 
significant  extent,  is  determined  by  the  value  of  parameter  y. 
For  small  values  of  y(y  <<  1)  the  form  of  the  function  slightly 
affects  the  critical  conditions  for  particle  ignition  and  they 
are  determined  by  the  critical  value  of  parameter 
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The  critical  ignition  temperature  of  metal  particles  drops  with 
an  increase  in  their  diameter.  The  condition  y  «  1  in  the  examined 
problem,  is  fulfilled  for  rather  fine  particles  coated  with  a 
very  thick  oxide  film. 

The  case  y  >>  1  is  more  realistic  for  metals. 


To  study  the  critical  conditions  of  particle  ignition  when 
Y  >>  1,  a  change  in  variables  is  made  n  ■  yz  -  1  and  the  equations 
are  changed  to  the  form: 


If  we  assume  z  =  1/y  =  0  as  an  initial  condition,  we  finally 
obtain  solution  in  the  form 

l_JVjK  ,  I:  ,  _ 

The  value  of  the  constant  ft  is  obtained  by  a  numerical  solution 

H  p 

to  the  problem  and  is 
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According  to  the  solution  obtained,  for  a  linear  law  of  oxidation 
(n  «  0)  equation  (III. 10)  reduces  to  the  ordinary  law  of  hetero¬ 
geneous  ignition  and  TKp  drops  with  an  increase  in  particle  size. 
For  n  ■  1,  ignition  temperature  does  not  depend  on  particle  size. 
If,  however,  the  rate  of  oxidation  depends  on  6  more  strongly 
than  during  parabolic  law  (n  >  1),  then  TKp  increases  with  partic 
growth  (Fig.  59). 


Fig.  59.  Ignition  temperature  versus 
particle  radius  for  various  oxidation 
laws.  1  -  n  a  0;  2  -  n  *  1;  3  -  n  “ 
a  1 ;  4  -  n  >>  1 . 
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If  the  critical  ignition  conditions  are  not  fulfilled,  then 
the  temperature  of  the  particle  passes . through  maximum  and 
approaches  the  temperature  of  the  ambient  gas..  However,  if  during 
heating,  the  temperature  of  the  particle  exceeds  the  temperature 
at  which  the  film  loses  its  protective  properties  (for  example, 
melting  point  of  aluminum  oxide),  this  leads  to  a  change  In  the 
kinetic  law  of  oxidation  and,  in  this  case,  particle  ignition 
can  occur. 

The  solutions  obtained,  from  the  physical  point  of  view, 
can  be  interpreted  as  follows.  As  we  know,  the  rate  of  heat 
drain  in  large  particles  is  less  than  in  small.  However,  for 
the  heating  of  a  particle  there  is  required  a  large  amount  of 
time  and  heat,  whose  release  is  connected  with  an  increase  in 
the  oxide  film.  With  the  weak  dependence  of  oxidation  rate 
on  oxide  film  thickness  (n  <  1)  the  first  factor  predominates 
and  the  ignition  temperature  decreases  with  an  increase  in 
diameter. 


‘Omission  in  original  Russian  document, 
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With  a  strong  dependence  of  oxidation  rate  on  6(n  >  1)  the 
second  factor  predominates  and  the  ignition  temperature  increases 
with  diameter  3ize. 

Allowing  for  heat  loss  on  radiation  in  tie  equation  of 
thermal  balance  leads  to  a  criterion  of  the  following  form: 

* *  “  /h.Nu  rc- 

When  kR  <<  1  heat  transfer  by  radiation  can  be  disregarded 
as  compared  with  heat  transfer  by  thermal  conductivity. 

For  small  particles  (d  <  30  pm,  X  ■  2.4*10“^  cal/cm. s • deg, 

TQ  ■  2300°K,  E  *  50  cal/mole,  e  ■  0.4,  Nu  =  2)  the  parameter 
kR  £  0.45,  i.e.,  heat  transfer  by  radiation  has  a  correction 
nature  even  at  high  values  for  the  temperature  of  the  ambient 
medium. 

For  large  particles  the  Ignition  temperature,  with  allowance 
for  radiation,  is  an  increasing  function  of  particle  size  even 
with  a  parabolic  law  of  oxidation. 

An  examination  of  the  partial  evaporation  of  metal  (for 
example.  Mg)  in  the  proposed  model  (n  *  0)  shows  that  at  the 
moment  the  thermal  equilibrium  is  disturbed,  the  temperature  of 
the  particle  can  be  less  than  the  temperature  of  the  ambient 
medium.  The  conductive  heat  drain  for  evaporation,  under  these 
conditions,  plays  the  role  of  conductive  heat  supply,  which 
disturbs  the  balance  between  the  rate  of  heat  release  from 
the  chemical  reaction  and  the  rate  of  heat  absorption  for 
evaporation. 

The  results  presented  above  on  the  ignition  of  individual 
particles  of  41,  Be,  and  B  can  agree- qualitatively  with  the 
conclusions  of  the  proposed  model. 


The  independence  of  critical  temperature  from  particle 
diameter  in  the  experiment  of  Friedman  and  Macek  [256]  gives  a 
basis  for  assuming  that,  in  this  case,  aluminum  was  used,  which 
oxidizes  according  to  parabolic  law  (n  »  1),  characteristic  for 
metals  whose  oxidation  is  limited  by  diffusion  through  the  oxide 
film. 


At  the  same  time,  in  order  to  explain  the  increase  in  1 
with  particle  size,  demonstrated  in  references  [355],  it  is 
necessary  to'  assume  that  the  studied  aluminum  had  a  stronger 
dependence  of  oxidation  rate  on  6  than  parabolic. 


HP 


The  results  of  determining  critical  ignition  temperature 
for  boron  particles  whose  oxide  film  melts  at  the  low  melting 
point  of  (420°C)  can  be  included  in  the  examined  model 

with  the  value  n  =  0  (linear  law  of  oxidation). 


The  case  of  metal  particle  ignition  in  high-temperature 
combustion  products  of  mixed  fuel-oxidizer  systems  does  not 
contradict  the  arguments  given.  Under  these  conditions,  ignition, 
as  already  Indicated,  is  connected  with  uhe  impairment  of  the 
integrity  of  the  oxide  film  and  the  increase  in  the  rate  of  heat 
release  due  to  the  reaction  of  active  metal  oxidation.  This 
corresponds  to  a  change  in  the  general  lav;  of  metal  oxidation 
and. a  transition  of  the  particle  to  a  subcritical  Ignition  mode. 
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CHAPTER  IV 


COMBUSTION  OF  METAL 

I  1.  Combustion  of  Aluminum 

The  basic  methods  of  studying  processes  of  ignition  and  burning 
of  metals  were  outlined  in  Chapter  II.  These  include,  in  some 
sequence  or  in  totality,  the  following  stages  of  observation: 

1.  Study  of  the  picture  of  combustion  of  particles  from  results 
of  microcinematography  and  photography;  study  of  trails  -  the  tracks 
obtained  during  motion  of  hot  particles  relative  to  the  recording 
material  (photographic  film,  photoplata,  etc.). 

2.  Visual  micro-  and  macrcstudies  of  the  products  of  combustion 
of  metals  and  their  compounds. 

3.  Thermometric  and  spectroscopic  analysis  of  metal  flames. 

4.  X-ray  diffraction,  chemical,  and  mass  spectrometry  analysis 
of  combustion  products  drawn  off  from  the  burning  sone  by  sampling 
instruments  of  various  original  designs. 

Only  detailed  analysis  and  rompniison  of  results  from  investi¬ 
gations  on  all  the  onumer'Led  stages  mate  it  possible  to  approach 
closely  o  an  exploration  of  the  mecnanism  by  which  particles  of 
metal  brn.  However,  this  case  two  other  factors  must  be  borne 
in  mind. 


Since  combustion  of  metals  occurs  in  a  certain  medium  (in  our 
case  gaseous),  the  parameters  of  this  medium,  should  render  a 
definite  influence  on  the  nature  of  the  development  and  steady- 
state  condition  of  combustion.  First  of  all  these  parameters 
include  composition,  temperature,  and  pressure.  Finally,  of 
course,  there  are  the  properties  of  the  metal  particles  themselves: 
degree  of  purity,  activity,  shape,  degree  of  dispersion,  concentra¬ 
tion,  etc. 

Naturally,  the  totality  of  these  factors  sharply  complicates 
any  understanding  of  the  general  picture  of  combustion  of  the 
, particles.  Nonetheless,  a  comprehensive  and  systematic  study  of 
their  role  is  an  inseparable  link  in  the  pattern  of  study  of  all 
heterogeneous  processes,  a  necessary  and  mandator-'  condition  with¬ 
out  which  it  would  be  impossible  to  construct  the  overall  picture 
of  combustion  of  metals. 

1.  General  Picture  of  the 
Combustion  of  Aluminum  Particles 

One  of  the  most  effective  methods  of  studying  the  mechanism  of 
combustion  of  metals  is,  as  in  the  case  of  any  other  complex 
process,  the  visualization  of  all  available  phenomena  by  applying 
methods  of  high-speed  micro-  and  macroeinematography  and  still 
photography  [129,  139,  155,  257]. 

As  has  already  oeen  pointed  out,  for  aluminum  particles  the 
transition  to  self-sustaining  steady-state  combustion  is  accompanied 
h«  a  sudden  appearance  of  intense  light  (Fig.  60).  During  photog¬ 
raphy  at  a  speed  of  5000-19,000  frames/s  this  transition  is 
accomplished  for  particles  100-200  ym  in  diameter  during  exposure 
of  one  or,  at  the  most  two  frames  -  i.e,,  in  a  period  of  time  less 
than  0.2-0. 3  ms . 

The  zone  of  brightness  which  appears  around  the  particle  is 
so  brillant  that  it  frequently  screens  the  surface  of  the  particle 


from  the  observer.  The  diameter  of  the  brightness  zone  at  the 
moment  of  ignition  is  only  slightly  larger  than  the  diameter  of  the 
initial  particle.  However,  subsequently  the  width  of  this  zone  is 
rapidly  increased  (Pig.  61)  and  during  steady-state  combustion  it 
can  exceed  the  diameter  of  the  initial  particle  by  1.5-3. 5  times. 
The  value  of  the  latter  figure  depends  on  the  composition  of  the 
ambient  medium.  In  a  "dry  medium"  enriched  by  oxygen  and  contain¬ 
ing  no  water  vapor  or  hydrogen,  the  width  of  the  brightness  zone 
is  2. 5-3*5  times  greater  than  the  diameter  of  the  particle  at  the 
moment  of  it3  ignition.  In  a  "wet"  atmosphere  the  brightness  zone 
approaches  the  surface  of  the  particle  and  may  equal  as  little  as 
1.5  times  the  diameter  of  the  latter  [258].  If  combustion  occurs 
in  a  moving  medium  the  region  of  brightness  around  the  particle 
is  gradually  d^awn  off  along  the  flow.  A  so-called  "tail"  will 
appear  (Fig.  62).  The  "tail"  grows  rapidly  and  in  the  end  exceeds 
the  Initial  size  of  the  burning  particle  by  several  times.  The 
intensity  of  the  "tail's"  brightness  indicates  the  possibility 
that  exothermic  reactions  may  occur  in  it. 


Pig.  60.  Cineframes  from  high-speed 
photography  of  burning  particles  of 
aluminum. 
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Fig.  6l.  Ratio  of  the  diameter  of 
the  brightness  zone,  d,  to  the 
initial  diameter  of  the  particle. 


Fig.  62.  Burning  of  A1  particles 
in  a  high-temperature  gas  flow. 
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Individual,  extremely  small,  and  brightly  glowing  points  - 
particles  -  appear  along  the  periphery  of  the  symmetrical  zone  of 
brightness  or  "tall"  on  the  boundary  with  the  medium  (Fig.  63). 
These  points  are  particles  in  continuous  motion.  Their  size  is 
gradually  reduced  with  time.  During  collision  Individual  particles 
merge  together  or  capture  smaller  particles. 


Jpon  achievement  of  a  certain  critical  size,  sometimes  close  to 
the  diameter  of  the  initial  d  op  (50-10U  urn),  individual  particles 
are  ejected  from  the  crightness  zone  or  the  "tail"  into  the 
surrounding  atmosphere,  owing  to  the  action  of  gravitational  and 
convective  forces.  There  they  gradually  harden  in  the  form  of 
extremely  small  spheres,  white  in  color. 


Fig.  63.  Combustion  of  A1  particles  during 
a  reduction  in  pressure. 


After  the  lapse  of  a  certain  amount  of  time  the  burning  particles 
of  aluminum,  frequently  begin  to  acquire  rotation.  The  beginning 
of  rotation  is  preceded  by  a  sudden  asymmetrical  inflation  ~  expan¬ 
sion  of  the  flames  surrounding  the  particle.  The  speed  or  rotation 
grows  quite  rapidly  and  reaches  up  to  10  Hz  in  order  of  magnitude 
(Fig.  64). 


Fig.  64.  Rotation  and  fragmentation  of 
hot  A1  particles. 


The  concluding  stage  of  combustion  of  A1  particles  can  proceed 
in  two  directions.  The  first  is  the  simplest  and  most  typical 
variant.  The  width  of  the  combustion  zon~  is  gradually  reduced 
in  diameter,  the  intensity  of  its  brightness  weakens,  and  the 
particle  ceases  to  burn.  In  the  second  case  there  is  a  sudden 
expansion  and  flasi  of  intensity  of  the  combustion  zone  brightness, 
after  which  the  uarticle  flys  apart  into  a  number  of  much  smaller 
burning  pieces.  The  scattering  pattern  Is  fan-shaped.  The 


168 


scattering  angle  can  vary  from  0  to  180°  with  respect  to  the 
direction  of  the  initial  particle  motion. 

Combustion  of  aluminum  in  an  active  medium  at  subatmospheric 
pressure  permits  qualitative  examination  of  the  surface  of  the 
particle,  since  the  burning  zone  is  not  so  dense  and  lies  at  a 
substantial  distance  from  the  surface  of  the  drop  (see  Fig.  6 3). 
The  particles  are  in  the  molten  state.  The  combustion  products, 
made  up  of  aluminum,  oxide  Al^O-^ ,  diffuse  from  the  flame  zone 
primarily  in  the  form  of  extremely  fine  smoke  of  submicron  size. 

Useful  additional  information  is  obtained  from  observation  of 
combustion  of  thin  metallic  wires,  0. 5-1.0  mm  in  diameter,  in  an 
oxidizing  medium  [236,  237].  After  ignition  the  wire  is  broken. 
Its  er-  drop  downward  almost  to  the  vertical  and  begin  to  burn 
with  a  ^rightly  glowing  flame.  Under  the  action  of  gravity  the 
meta]  flows  out  of  the  oxide  shell  covering  the  wire  as  though 
out  of  a  trough,  forming  spherical  drops  on  the  ends  of  the  shell. 
If  the  pressure  of  the  medium  is  low  the  oxidation  reaction 
proceeds  In  the  gaseous  phase.  The  combustion  products  which  are 
formed  diffuse  from  the  reaction  zone  Into  the  medium  In  the  form 
of  thick  white  smoke. 

Combustion  in  this  case  is  analogous  in  nature  to  burning  of 
drops  of  hydrocarbon  fuels  [259,  260], 

At  high  pressures  and  high  oxygen  concentrations  ignition  of 
the  wire  proceeds,  as  in  the  case  above,  in  one  pxace.  However, 
the  flame  propagates  rapidly  and  In  the  end  covers  the  entire 
wire.  As  it  is  heated  the  wire  melts  and  is  transformed  under 
the  effect  of  surface  tension  forces  into  a  group  of  drops. 

The  size  of  the  latter  can  amount  to  several  ml lllmeters .  Each 
drop  burns  Independently.  The  surfaces  of  the  drops  differ  in 
brightness.  On  certain  segments  the  liberation  of  gas  can  be 
observed;  from  the  sections  bright  trails  are  drawn  off,  caused  by 
condensation  of  the  oxide  in  the  surrounding  cold  medium.  Tt  Is 
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probable  that  the  surfaces  are  partially  covered  with  a  layer  of 
oxide  and  that  this  is  the  reason  for  the  effects  which  are 
observed.  The  burning  process  is  frequently  terminated  by  crushing 
of  the  drops.  As  a  rule  the  drops  are  rotating  during  combustion. 

Another  method  of  optical  investigation  of  the  burning  of  metal 
particles  -  the  most  widely  applied  method  -  is  by  photographing 
them  on  fixed  photographic  film  or  on  a  photoplate  (Fig.  65).  The 
moment  of  sudden  appearance  of  light  on  these  photographs  corresponds 
to  the  beginning  of  aluminum  combustion.  Immediately  after  ignition 
the  width  of  the  track  exceeds  the  initial  size  of  the  particle 
only  slightly  (by  approximately  1.2-1. 5  times).  Subsequently  it 
is  increased  and  on  the  segment  of  steady-state  combustion  it  can 
exceed  the  size  of  the  burning  particle  by  3-^  times.  The  latter 
situation  depends  on  the  composition  of  the  ambient  medium.  In  a 
medium  with  a  high  moisture  or  hj irogen  content  the  tracks  are  much 
narrower  and  sharper  than  in  a  "dry"  medium. 

Fig.  65.  Tracks  of  hot  aluminum 
particles,  obtained  on  moving  (a) 
and  fixed  (b)  film. 


The  time  of  track  development  -  i . e . ,  the  time  from  the  moment 
of  ignition  to  flic  moment  when  the  track  reaches  maximum  width  - 
Increases  with  a  growth  in  particle  diameter.  For  a  particle 
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50  pm  in  diameter  the  duration  in  time  of  the  conical  part  of  the 
track  amounts  to  about  0.1  m^.  An  intensively  glowing  core  is 
seen  in  the  middle  portion  of  the  track.  Its  size  corresponds 
approximately  to  the  diameter  of  the  particle.  In  the  initial 
stage  of  combustion  the  track  is  a  straight  and  even  line  which 
glows  symmetrically  and  is  uniformly  bright.  Then,  following  the 
period  of  steady  burning  of  the  particle, attenuation  and  discon¬ 
tinuities  in  the  glow  appear  on  the  track;  the  track  is  transformed 
into  a  broken  line. 

As  the  process  develops  the  frequency  of  brightness  pulsations 
increases  up  to  10  -10  Hz.  Here  distortions  of  the  rectilinearity 
of  particle  motion  are  frequently  observed  -  the  track  becomes 
wavy . 

Simultaneous  cinematography  and  photography  on  stationary  film 
of  a  burning  particle  of  aluminum  makes  it  possible  to  conclude 
that  pulsations  in  brightness  on  the  track  are  the  result  of  rota¬ 
tion  of  the  particle.  The  track  terminates  either  in  gradual 
attenuation  of  the  glow  or  in  a  star-shaped  peak  from  which  some¬ 
what  finer  rays  -  tracks  -  travel  out  at  various  angles.  At  this 
moment  an  Intensification  of  the  glow  is  observed  on  the  track. 

Such  a  picture  is  characteristic  for  fragmentation  of  the  particles 

Thus,  both  methods  of  optical  recording  give  matching  results 
and  thus  emphasize  tne  reliability  cf  the  general  ideas  obtained 
on  combustion  cf  particles  of  aluminum  in  an  active  gaseous  medium. 

2.  Products  of  Aluminum  Combustion 

As  is  indicated  by  statistics,  the  overwhelming  fraction  of 
solid  final  products  of  the  combustion  of  aluminum  particles 
represent  fine  spherical  particles  with  a  dimension  on  the  order 
of  1  um  and  less  (Fig.  66).  The  particles  are  solid,  white  in 
color,  and  consist  of  aluminum  o>:ide.  Along  with  them  there  will 
be  a  certain  quantity  of  larger  solid  spheres,  1C  pm  in  diameter. 
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and  also  a  certain  quantity  of  spheres  which  equal  the  initial 
particle  in  size  or  even  exceed  it  by  2-3  times.  These  spheres 
are  hollow,  semitransparent,  matte  spheres’  (see  Fig.  66).  Their 
wall  thickness  is  constant  and  equals  1-3  pm.  These  spheres  are 
ground  up  and  crushed  by  even  comparatively  small  forces,  not 
infrequently  by  the  mere  impact  against  a  plate  at  the  moment  of 
sampling.  The  amount  o^  aluminum  Involved  in  the  formation  of 
such  hollow  spheres  is  estimated  to  be  ^30-1*0?  of  the  weight  of 
the  initial  particle. 
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Fig.  66.  Subdispersed  products  (a)  and 
hollow  spheres  (b)  form  during  combustion 
of  aluminum. 


If  the  aluminum  is  burned  on  a  support  (graphite  rod  or  tungsten 
plate)  the  final  product  Is  a  "shell"  and  In  the  general  case  Is 
commensurate  in  magnitude  with  the  initial  particle  (Fig.  67). 

A  dense  ring  of  subdispersed  particles  of  oxide  is  formed  around 
it.  In  a  medium  of  carbon  dioxide  the  ratio  of  the  radius  of  the 
ring  to  that  of  the  shell  equals  3-^,  while  in  water  vapor  it  is 
1.5-2. 

When  aluminum  part’cles  are  burned  in  the  suspended  state  in 
a  flow  of  gas,  at  the  moment  when  they  approach  heat-conducting 
elements  of  the  installation  or  plates  which  are  especially 
located  in  the  flow,  clear  tracks  appear  on  the  latter  due  to  the 
continuously  forming  combustion-products .  The  indicated  traces 


Pig.  67.  Products  oi'  combustion 
of  A1  particles  on  a  substrate. 

have  extremely  varied  and  eccentric  shapes:  rectilinear  and  twisted, 
wavy  and  helical,  narrow  and  wide,  ending  in  a  point  or  resembling 
the  picture  of  motion  of  a  comet,  etc.  The  base  of  the  track,  as 
before,  is  made-up  of  subdispersed  particles  of  aluminum  oxide. 

Along  the  periphery  of  the  track  and  in  its  tail  segment  the  size 
of  the  condensate  is,  as  a  rule,  somewhat  greater  than  that  in  the 
center  and  in  immediate  proximity  to  the  extinguished  particle. 

Growth  of  the  oxide  occurs  mainly  in  the  gaseous  phase  and  is 
apparently  caused  by  such  a  phenomenon  as  condensation  and 
agglomeration  of  finer  particles  due  to  the  presence  of  convective 
flows  in  the  combustion  zone  or  close  to  it. 

A  comparatively  small  quantity  of  larger  particles.  5-10  ym  in 
diameter,  exist  against  the  general  background  of  subdispersed 
particles  (Fig.  09,  see  page  175).  The  shape  of  the  particles  is 
not  necessarily  strictly  spherical;  some  may  be  teardrop-shaped. 

They  are  found  over  the  er.cire  length  of  the  track,  but  it  is 
difficult  to  identify  any  sort  of  law  governing  their  appearance. 


The  peak  of  the  track  frequently  ends  in  a  spherical  particle. 
Its  size  depends  on  the  previous  history  of  combustion.  It  may  be 
both  smaller  or  equivalent  in  size  to  the  initial  particle.  An 
annular  halo  of  subdispersed  oxide  is  formed  around  it  on  the 
substrate.  In  the  general  case  the  picture  is  similar  to  that 
obtained  during  combustion  of  aluminum  particles  on  a  substrate. 
Prom  this  it  is  possible  to  draw  the  particular  conclusion  that 
after  deposition  on  the  plate  the  particles  continue  to  react 
actively  with  the  ambient  medium  .for  a  certain  period  of  time. 

Another  type  of  track  peak  is  gradual  narrowing  ana  thinning. 

The  width  and  shape  of  the  track  left  by  a  burning  particle  of 
aluminum  depends.  Just  as  the  width  of  the  track  on  the  photoplate, 
on  the  composition  of  the  medium.  With  a  substantial  content  of 
oxygen  and  in  the  absence  of  water  vapor  or  hydrogen  the  tracks 
are  wide  and  slightly  blurred.  The  presence  of  water  vapor  or 
hydrogen  results  In  narrowing  them  by  half;  they  are  much  clearer 
and  are  much  more  clearly  outlined.  In  this  case  hollow  thin-wall 
spheres  of  A1  oxide  always  exist  in  the  combustion  products. 

Figure  68  shows  a  double  helical  track  left  by  a  hot  particle 
during  its  travel  along  the  sampling  instrument  immediately  before 
deposition' on  its  surface.  The  extinguished  particle  is  visible 
at  the  head  of  the  track.  Usually  such  cracks  are  left  by  particle 
during  combustion  in  a  highly  active  medium.  With  an  oxygen  con¬ 
centration  greater  than  15?  (atmospheric  pressure)  trajectories  of 
particles  can  be  distorted.  However,  the  changes  will  have  a 
more  or  less  smooth  nature.  If  the  partial  pressure  of  oxygen 
becomes  equal  to  0.35  atm  and  more  and  if  the  temperature  of  the 
medium  equals  '''3000°K  [1353,  the  track  is  progressively  '"ore 
uneven,  with  sudden  and  sharp  changes  In  direction.  Frequent 
ejections  of  oxide  toward  the  side  are  observed.  Like  the  main 
track,  1  »e  radial  rays  are  short  and  blurred  in  a  "dry"  medium 
and  long  and  sharply  defined  in  the  presence  of  hydrogen  or  its 
compounds . 


Fly;.  68.  Doable  track-trail  of 
a  hot  rotating  aluminum  particle. 


Fir.  69.  leak  of  a  track  on  a  plate 
in  the  campling  device. 


Immediately  after  ignition  spherical  particles  150  urn  and  more 
in  diameter  are  broken  or  at  the  moment  of  coll Irion  with  the  plate 
.n  the  flame  zone,  ^eavi-ni*  behind  fan- shaped  radial,  tracks  (see  • 
Fig.  3*)  •  The  picture  is  typical  for  heni-v..i  col  Us  ion  of  a  liquid 


drop  against  a  solid  barrier.  If  the  indicated  particle  flys  beyond 
the  fl^ame  zone  into  the  atmosphere  prior  to  ignition  no  crushing  of 
the  particle  occurs.  With  a  reduction  in  particle  size  deformation 
during  collision  with  the  surface  of  the  plate  becomes  ever  less 
sharply  expressed  and  for  particles  less  than  50  pm  in,  diameter 
it  virtually  ceases  to  be  noticeable.  The  oxide  film  covering  the 
particle  of  molten  metal  apparently  congeals  so  rapidly  that  at 
the  moment  of  collision  with  a  cold  plate  there  is  no  noticeable 
motion  of  the  material  of  the  particle.  In  this  respect  the 
collected  particles  are  extremely  representative  from  the  point  of 
view  of  shape  and  size  in  the  period  of  combustion  before  quenching. 
The  majority  of  particles  which  are  extinguished  immediately  after 
ignition  contain  a  metallic  core. 

Figure  70  shows  photographs  of  particles  (a  and  b)  collected 
from  the  flame  of  an  oxygen-hydrogen  burner  on  a  later  stage,  at 
the  moment  of  steady-state  combustion.  On  the  extinguished 
particles  hollow  bubbles  of  oxide  are  located  in  random  fashion. 

This  gives  a  basis  to  assume  that  the  formation  of  hollow  spheres 
is  not  directly  connected  with  the  mechanism  of  aluminum  quenching, 
but  is  one  of  the  particular  features  .of  the  mechanism  of  its 
combustion.  . 

Thus,  as  the  result  of  study  of  trails  and  tracks  and  of  analysis 
of  the  products  from  combustion  of  aluminum  three  characteristic 
features  of  the  considered  process  are  revealed:  a)  rotation  of 
particles  in  the  period  of  steady-state  combustion;  b)  breakup  of 
particles  on  the  concluding  stage  of  combustion;  c)  the  formation 
of  hollow  transparent  spheres  of  aluminum  oxide  in  the  combustion 
products . 

Since  these  phenomena  are  directly  connected  with  the  process 
cf  particle  combustion,  we  will  pause  to  consider  in  more  detail 
the  conditions  their  formation. 


a.  Formation  of  hollow  spheres.  The  formation  of  such  spheres 


Pig.  70.  Motion  of  burning  particles  of 
aluminum  along  a-piate  of  the  sampling  device. 

during  combustion  of  aluminum  was  apparently  first  noted  in  the 
literature  by  Fassel,  Pupp,  et  al.  [137].  Their  observations 
related  to  experiments  with  a  gas  burner,  in  which  ordinary 
natural  gas  was  used  as  the  fuel.  The  possibility  that  drops  of 
active  metal  or  alloy  might  be  contained  within  such  a  sphere  was 
pointed  out.  However,  this  was  observed,  as  a  rule,  during 
combustion  of  large  particles  under  the  condition  that  sampling 
was  carried  out  on  an  early  stage  of  combustion. 

Prledmdn  and  Hachek  [133]  detected  similar  hollow  spheres  during 
combustion  of  A1  in  the  flame  of  a  gas  burner  using  a  propane- 
oxygen-nitrogen  mixture.  In  this  medium  (trie  flame)  the  quantity 
of  moisture  amounted  to  approximately  1^-18*,  while  the  content  of 
pure  oxygen  ran  up  to  2i~  c?  (depending  on  the  flame  temperature). 
With  respect  to  degree  of  dispersion  the  hollow  shells  frequently 
turned  out  to  be  equivalent  to  the  initial  aluminum. 

According  to  assertions  by  these  same  authors ,  when  turning  alum 
num  in  a  "dry"  carbon  monoxide-oxygen  flame  containing  less  than 
0.5%  H£  (introduced  to  staoilise  the  flame),  there  was  no  forma¬ 
tion  of  hollow  spheres.  But  if  an  additional  5-10?  of  hydrogen 


was  introduced  into  such  a  flame  iarge  oxide  spheres  appeared  once 
again.  Residues  cf  metallic  aluminum  were  frequently  detected  on 
the  outer  side  of  the  walls  of  the  spheres  in  the  form  of  extremely 
fine  tiny  balls. 

A  similar  picture  was  observed  during  combustion  of  aluminum 
in  a  methane-oxygen-nitrogen  fj.ame  [267]  and  in  an  oxygen-hydrogen 
flame  from  a  gas  burner  [139].  In  the  latter  case  even  larger 
spheres  were  observed:  with  an  i-nitial  aluminum  particle 
diameter  of  70  pm  che  size  of  the  hollow  transparent  spheres  of 
oxide  reached  a  magnitude  of  150-200  pm.  Tiny  drops  of  pure 
aluminum  were  found  on  the  inner  and  outer  walls  of  the  spheres. 

At  the  same  time,  products  of  .combustion  of  aluminum  in  a  pure 
cyanogen-oxygen  flame  (p  =  1  atm)  [203]  consist  of  white  oxide  in 
the  form  of  smoke;  there  are  no  large  particles  or  spheres.  With 
forced  quenching  the  aluminum  particle  is  wholly  or  partially 
covered  with  a  film  of  oxide.  If  hydrogen  is  gradually  introduced 
into  the  flame,  hollow  spheres  begin  to  predominate  in  the  products. 

At  first  glance  the  data  presented  above  confirm  a  direct 
connection  between. conditions  for  formation  of  hollow  shells  and 
the  presence  of  hydrogen  or  its  compounds  in  the  medium  in  which 
the  aluminum  is  burned.  However,  later  studies  cast  doubt  upon 
this  position:  large  hollow  spheres  of  aluminum  oxide  were  detected 
with  burning  of  aluminum  in  a  medium  free  from  hydrogen. 

Davis  [246]  observed  their  formation  in  a  carbon  monoxide-oxygen- 
nitrogen  flame  ( 0.5 %  *’2),  along  with  finely  dispersed  aluminum  oxide 
(<1  pm).  Gordon  et  al.  [262]  established"  their  presence  during 
burning  of  spherical  aluminum  particles  at  normal  atmospheric 
pressure  in  a  CO  +  02  flame.  It  is  noteworthy  that  with  a  ratio  of 
fuel  and  oxidizer  corresponding  to  a  high-temperature  flame  the 
hollow  shells  appeared  in  large  quantities.  But  as  the  temperature 
of  the  flame  was  reduced  by  changing  the  flow  rates  of  the  carbon 
monoxide  and  oxygen  the  number  of  spheres  dropped  sharply.  The 
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results  of  this  work  lead  to  the  extremely  interesting  conclusion 
that  the  temperature  of  the  medium  has  a  strong  role  in  the  question 
of  the  formation  of  hollow  shells  during  combustion  of  metals. 

The  question  arises  of  whether  hollow  spheres  are  formed  during 
burning  of  metallized  powders  or  of  heterogeneous  condensed  systems 
containing  additions  of  A1 .  The  composition  of  the  gaseous  products 
(H20,  C02,  CO,  HC1)  and  the  temperature  of  the  flame  jet  (2500- 
3300°C)  of  the  powders  are  favorable  from  the  point  of  view  of 
conditions  for  appearance  of  spheres.  Actually,  after  burning  of 
metallized  solid  rocket  propellants  a  large  quantity  of  condensate 
remains.  A  certain  part  of  the  latter  is  made  up  of  hollow  spheres. 
However,  it  should  be  emphasized  that  in  some  they  comprise  a 
comparatively  small  percentage  of  the  total  quantity  of  aluminum 
oxides.  These  spheres  are  virtually  no  different  from  those  obtained 
during  burning  of  aluminum  particles  in  gas  burners.  Curing  burning 
of  propellants  rich  in  carbon  a  deposit  of  soot  particles  is  observed 
on  the  surface  of  the  hollow- opheres ,  giving  them  a  grayish  cast. 

As  pressure  is  increased  a  tendency  is  noted  toward  a  reduction  in 
the  quantity  and  size  of  the  spheres.  Their  distribution  over  the 
cross  section  of  the  jet  is  not  distinguished  by  uniformity.  -  „ 


Summarizing  the  material  outlined  above,  we  arrive  at  the 
conclusion  that  the  formation  of  hollow  transparent  spheres  cf 
oxide  can  occur  during  combustion  of  aluminum  in  any  chemically 
active  oxidizing  gaseous  medium.  A  basic  condition  in  this  case 
is  high  temperature  of  the  medium  or  of  the  flame. 

Spheres  appear  directly  on  the  surface  of  the  burring  particles. 
In  the  case  of  forced  extinguishing  they  remain  bound  to  the 
particles  (see  Pig.  70). 

The  presence  in  the  flame  of  hydrogen  or  compounds  of  it  of  the 
water  type  (vapor)  serves  to  activate  the  process  of  growth  of 
the  hollow  spheres,  both  qualitatively  and  quantitatively. 
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Certain  differences  of  opinion  which  arose  concerning  the  de¬ 
termining  role  of  hydrogen  might  proceed  from  the  fact  that  a 
change  in  the  concentration  of  hydrogen  in  the  flame  i/as  .apparently 
Inextricably  bound  with  a  change  in  the  flame  temperature. 

! 

b.  Crushing.  This  interesting  phenomenon  occurs,  as  a  rule,  on 
the  concluding  stage  of  combustion,  when  the  process  has  already 
been  completely  formulated  (see  Pig.  64). 

In  a  propane-oxyger-hydrogen  flame  crushing  (fragmentation) 
proceeds  actively  in  the  case  when  the  concentration  of  free  oxygen 
in  the  medium  reaches  28-385  [133].  Here  no  small  role  is  played 
by  the  temperature  of  the  flame.  As  the  concentration  of  oxygen 
in  the  flame  is  reduced  the  limit  of  crushing  of  particles  is 
increased  with  respect  to  temperature.  If  the  flame  temperature 
comprises  2250-2400°K  -  i.e.,  close  to  the  boiling  point  of  aluminum 
-the  concentration  of  oxygen  required  for  the  appeurance  of  the 
phenomenon  of  fragmentation  exceeds  38%. 

In  a  carbon  monoxide-oxygen-nitrogen  flame  [246]  crushing  of 
particles  is  observed  at  approximately  this  same  concentration 
of  free  oxygen.  The  lower  concentration  limit  in  terms  of  oxygen 
equals  32%  in  this  case. 

Drew  et  al.  [139]  indicate  that  in  a  steady. oxygen-hydrogen  ' 
flame  from  the "Corning  Universal”  forced  burner  combustion  of 
aluminum  particles  terminates  with  crumbling  it  the  particles 
leave  the  flame  and  reach  a  zone  of  contact  with  the  ambient 
atmosphere. 

The  phenomenon  of  crushing  of  burning  particles  of  aluminum  is 
clearly  manifested  during  combustion  of  condensed  compositions 
based  on  ammonium  perchlorate  (in  air  or  in  constant-pressure 
installations  with  a  medium  of  inert  [173].  In  this  case 

free  oxygen  may  either  be  absent  from  the  flame  or  may  be  present 
in  a  concentration  substantially  lower  than  the  limits  which  are 


characteristic  for  gas  burners.  Thus  in  an  ammonium  perchlorate- 
trioxymcthylsne  flame,. £2*16]  the  quantity  of  oxygen  did  not  exceed 
91,  while  products  from  combustion  of  a  propellant  made  up  of 
ammonium  perchlorate  and  polyurethane  fuel  contain  virtually  no 
oxygen  in  the  free  state,  but  nonetheless  fragmentation  of  aluminum 
took  place  In  these  cases.  However,  this  occurred  only  when  the 
particles  escaped  from  the  high-temperature  zone  of  the  flame  and 
entered  the  cold  atmosphere  or  a  region  of  lower  temperature. 

During  burning  of  metallized  compositions  under  conditions  of 
insulation  from  the  external  medium  -  for  example.  In  a  typical 
rocket  engine  or  in  a  semlcloSed  volume  Installation  (under  condi¬ 
tions  when  motion  and  combustion  of  the  particles  occurs  in  a  flow 
of  virtually  constant  temperature)  -  crushing  of  aluminum  particles 
is  very  rarely  observed.  As  pressure  increases  the  probability  of 
appearance  of  crushing  is  reduced  even  further,  with  fragmentation 
virtually  ceasing  to  occur  at  pressures  of  20-50  atm  (according  to 
observations).  At  the  same  time  it  should  be  emphasized  that  an 
Increase  in  the  pressure  In  constant-pressure  instruments  does  not 
completely  eliminate  the  crushing  effect,  although  It  does  lead  to 
a  certain  degree  of  quantitative  reduction  in  it  [173.]- 

It  follows  from  the  given  examples  that  one  of  the  basic  factors 
facilitating  crushing  of  particles  on  the  stage  of  steady-state 
self-sustaining  combustion  is  a  sharp  drop  in  temperature  of  the 
ambient  medium  along  the  trajectory  of  particle  motion. 

c,  Rotation  of  hot  aluminum  particles.  Rotation  arises  after' 
self-sustaining  combustion  of  the  particle  has  already  been  estab¬ 
lished.  For  particles  100-150  pm  in  diameter  in  a  carbon  monoxide- 
oxygen  flame  this  process  begins  to  develop  approximately  0.1  ms 
after  ignition.  Usually  it  is  preceded  by  a  sudden  expansion  of 
the  diffusion  zone  of  brightness  around  the  particle.  Subsequently 

the  speed  of  rotation  is  gradually  increased  and  at  the  limit 
a  5 

amounts  to  10  -10  pulsations  per  second. 


The  trajectory  of  motion  of  a  rotating  particle  frequently 
takes  on  a  wavy  nature  and  terminates  with  sharp  ejection  of  alumi¬ 
num  in  vapor  form  (crushing)  or  with  a  sudden  sharp  change  in  the 
direction  of  travel  (see  Pig.  64).  The  pulsating  nature  of  combus¬ 
tion  of  individual  particles  is  noted  during  combustion  of  aluminum 
both  in  gas  burners  with  "dry"  and  "moist"  flames,  and  in  the 
products  of  combustion  of  metallized  solid  fuels  -  i.e.,  in  a  gas- 
’•-r.hase  flow  which  i3  complex  in  composition  and  at  a  high  tempera- 

■i**'-**'" 

ture.  However,  the  total  number  of  particles  subjected  to  rotation 
during  combustion  is  not  great.  The  latter  fact  is  particularly 
noticeable  during  combustion  of  aluminum  in  a  composition  of  powders. 


3.  Temperature  of  the  Zone  of 
Combustion  of  Aluminum  Particles 


The  process  of  combustion  of  aluminum  falls  in  the  class  of 
highly  exothermic  processes. 

In  any  thermal  theory  of  combustion  the  temperature  fields  and 
gradients  are  the  basic  Initial  characteristics .  Since  measurement 
of  temperatures  and  their  gradients  is  extremely  complex  and  diffi¬ 
cult  to  realize  in  practice  for  individual  particles  moving  in  a 
gas  flow,  in  this  case  (a3  in  similar  ones)  larger-scale  bodies  are 
selected  as  the  object  of  study  -  thin  wires,  strips,  and  drops  of 
aluminum. 


During  the  study  of  peculiarities  of  combustion  and  of  the 
so-called  "aluminum  sun"  (burning  of  a  drop  of  aluminum  in  oxygen). 
Gross  and  Conway  [145]  carried  out  measurements  of  temperature  of 
the  reaction  zone  by  means  of  an  optical  pyrometer  (Fig.  71). 
According  to  their  measurements  the  temperature  of  the  flame  lies 
/'within  the  limits  3300-3800°K.  Since  the  drop  of  aluminum  is  in 
^ .the  molten  state  and  its  surface  is  free  of  aluminum  oxide,  the 
authors  proposed  that  the  temperature  of  the  metal  surface  is  no 
higher  than  the  boiling  of  aluminum  and  is  approximately  equal 
to  it. 
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Pig.  71.  Distribution  of  temperatures 
during  combustion  of  a  drop  of  aluminum. 
1  -  combustion  zone  where  3000  <  < 

<  3800°K;  2  -  molten  metal,  <  T?  < 

<  2740°K;  3  -  A1203,  T3  <  23l8°K;  4  - 
substrate,  <  23l8°K. 


A  second  source  of  information  on  the  maximum  temperature  of 
the  zone  of  combustion  of  aluminum  is  study  of  brightness  and  light 
temperatures  of  oxygen-aluminum  flashbulbs  £263].  The  maximum 
temperature  (from  pyrometric  measurements)  equals  3800° K  for  all 
types  of  bulbs.  Their  brightness  temperature,  with  consideration 
of  thermal  losses,  is  somewhat  lower  and  falls  in  the  limits 
3200-3450°K. 

In  works  [173,  174,  206,  237]  the  temoerature  of  combustion  of 
aluminum  particles  In  a  Jet  of  flame  from  mixed  compositions  was 
evaluated  by  the  spectral-optical  method  (see  Fig.  73).  Measure¬ 
ment  of  the  distribution  of  energy  in  the  visible  region  of  the 
continuous  spectrum  from  the  investigated  flames  showed  that  it 
maybe  described  by  the  Wien  formula^ith  a  single  color  temperature. 
Results  from  evaluations  of  the  temperature  of  aluminum  combustion 
in  the  products  from  combustion  of  ballistite  and  mixed  compositions 
by  spectral-optical  methods  are  given  In  Table  18a. 
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■Ing  the  measurement  results  we  arrive  at  the  conclusion 
erature  of  the  zone  of  combustion  of  aluminum  particles 
lospherie  pressure  equals 3600-3350°K  -  i.e..  It  approxi- 
;ponds  to  the  boiling  temperature  of  aluminum  oxide 
;.  No  specific  experimental  data  are  available  with 
jasurements  of  the  temperature  of  the  surface  of  an 
'op  or  particle.  However,  the  experimental  data 
re  on  combustion  of  aluminum  particles  indicate  that 
stion  aluminum  is  in  the  liquid  state  and  therefore 
ire  of  the  particle  surface  should  be  limited  by  the 
jrature  of  aluminum. 


183 


b&C 


':  •  :  •:  -'><M  ■ 


'  ■  •  ' -a:,«  .  ;‘*f  -  ■•  ■  v 


Table  18a.  Temperature  (in  °K)  of  aluminum  in  the  flame  of  metal- 


-  - ..W  v-  _ 

Composition 

Continuous 

spectrum 

method 

Resonance 

line 

method 

Photometric 

method 

l  _ 

-  ■ _  *  ,  — 

*  40-70  pm) 

TlOO  t  150 

3400  ±  150 

3200_TT5o’ 

High  temparature  ballistite 

composition  (d  *  40-70  pm) 

Pblyformaldehy.de,  ammonium 
perchlorate,  and  aluminum 

;3400  ±  150 

3700  ±  150 

3600  ±  150 

(d  <  50  pm) 

3500  ±  150 

3750  t  150 

3700  ±  150 

4.  Spectroscopic  Studies 

The  application  of  spectroscopic  methods  to  the  study  of  pro¬ 
cesses,  of*  metal  combustion  is  extremely  promising,  since  it  provides 
information  which  is  virtually  impossible  to  obtain  by  other  methods. 
However,  in  view  of  the  specific  peculiarities  of  thi3  method  its 
successful  application  in  questions  of  studying  the  mechanism  of 
the  combustion  of  individual  finely  dispersed  particles  of  metal 
•at1  a  given  stage  is  connected  with  great  difficulties. 


In  their  work,  Brsustowski  and  Glassman  [143]  used  strips  of 

aluminum  and  magnesium  9  cm  in  length  and  with  an  average  cross 

2 

section  of  0.3  *  O.O13  cm  .  The  spectra  were  photographed  on 
’’Kodak-Ill”  spectroscopic  plates  by  means  of  a  quartz  prismatic 
spectrograph  produced  by  the  firm  "Hilgar."  The  photomaterial 
emulsion  was  sensitive  in  the  wavelength  region  0.24-0.68  A. 
Spectral  lines  were  identified  from  a  handbook  [264];  the  molecular 
bands  of  the  spectrum  were  identified  from  the  tables  [265]. 


Spectra  which  are  developed  in  time  (resolution  in  time  2.1  ms/mm 
.of,  the  imagC-Siot)  for  aluminum  foil  during  its  combustion  and  for 
flashbulb  are  "continuous .  At  the  maximum  of  the  flash  it  begins 

o 

approximately  in  the  region  of  3300  A  wavelengths  and  extends  right 
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up  to  the  red  limit  of  spectral  sensitivity  of  the  photographic 
material. .  At  the  very  moment  of  the  flash  the  aluminum  lines 
3944  and  396I  A  appear  in  the  spectrum.  At  approximately  5-16  ms 
they  are  turned  and  exist  in  absorption,  after  which  they  are  turned 
once  again.  Over  the  entire  period  of  the  flash  of  a  foil  A10  bands 
with  the  most  noticeable  edges  4648,  4852  and  5079  A  exist  in  the 
emission  spectrum.  The  A10  bands  never  appear  in  absorption.  A 
few  milliseconds  after  the  flash  bands  in  emission  on  a  background 
of  a  continuous  spectrum  exist 'only  in  the  form  of  weak  "ripples” 
and  become  virtually  indistinguishable  at  the  maximum  of  flash 
intensity.  However,  at  the  end  of  the  flash,  when  the  brightness 
temperature  of  the  continuous  spectrum  is  reduced,  they  reappear. 
Figure  72  shows' the  results  of  measurements  of  optical  density 
of  the  spectrum  of  aluminum  combustion  as  developed  in  time.  Since 
the  A10  bands  exist  only  at  the  very  high  temperature  in  emissions 
and  do  not  exist  in  absorption,  in  the  opinion  of  the  authors  this 
indicates  that  A10  is  formed  in  the  flame  as  a  result  of  dissocia¬ 
tion  of  A1203.  The  subsequent  repeated  appearance  of  A1  lines  on 
the  background  of  a  continuous  spectrum  first  in  absorption  and 
then  in  emii  sion  should  be  considered  from  the  point  of  view  of 


the  nonisothsrmicity  of  the  process  in  the  flashbulb.  At  the  moment 
when  the  flash  appears  the  average  temperature  of  the  sources  of 
the  continuous  spectrum  is  low.  Aluminum  lines  are  manifested  in 
emission.  With  development  of  the  process  of  aluminum  oxidation 
particles  of  aluminum  oxide  appear  -  the  source  of  a  continuous 
spectrum  with  a  temperature  higher  than  the  boiling  temperature 
of  the  pure  metal.  Aluminum  lines  are  now  present  in  the  absorp¬ 
tion  spectrum.  On  the  last  stages  of  the  flare  the  average 
temperature  of  condensing  Al^  particles  can  become  lower  than 
the  temperature  of  aluminum  vapors,  owing  to  the  sharper  and  more 
rapid  cooling  of  the  particles.  Aluminum  lines  are  turned  and 
once  again  appear  in  emission.  Spectra  of  the  combustion  of 
aluminum  wire  0,89  mm  in  diameter  in  an  oxygen-argon  atmosphere 
are  given  in  work  [237].  The  experiments  were  carried  out  at 
pressures  up  to  31.6  atm;  the  quantity  of  oxygen  was  varied  in  the 


range  0-100*.  The  spectra  were  taken  on  "Kodak"  type  I  spectro¬ 
scopic  film  by  means  of  a  1.5  m  grating  spectrograph.  The  first 


order  dispersion  region  was  varied  from  3700  to  7400  A  with  a 

O 

linear  dispersion  of  approximately  1.5  A  per  1  mm.  Slot  width  was 
60  ym  and  exposure  duration  was  1-5  seconds .  '  , 


Pig.  72.  Optical  dem ity  of  the 
spectrum  of  aluminum  combustion  [173]. 


Against  a  background  of  the  continuous  spectrum  the  following 
bands  and  doublet  lines  of  A1  were  singled  out:  3082.15,  3092.71, 

O 

3944.03,  and  3961.53  A,  as  well  as  nine  systems  of  A10  bands  with 
strong  band  edges  at  2942.5,  3022.2,  3114.3,  4352.6,  4470.5,  4648.2 

o 

4842.3,  5079.3,  and  5336.9  A.  Systems  in  the  ultraviolet  spectral 
region  were  determined  from  wavelengths  [266],  Aluminum  lines  were 
observed  in  emission  only  to  a  pressure  of  7  atm.  At  a  higher 
pressure  they  become  indistinguishable  against  a  background  of  a 
continuous  spectrum.  Aluminum  lines  were  absent  from  the  absorp¬ 
tion  spectrum. 

In  the  region  of  subatmospheric  pressures  and  high  oxygen 
concentrations  the  flame  spectra  during  combustion  of  aluminum 
in  an  oxygen-water  vapor  mixture  coincided  with  spectra  of  flames 
in  an  oxygen-argon  atmosphere.  No  differences  were  detected 
between  combustion  spectra  for  pure  and  anodized  aluminum. 

In  carbon  dioxide  and  oxygen  and  carbon  dioxide  arid  argon  in 
the  pressure  interval  1-2.5  atrrt  and  with  a  change  in  the  oxygen 
concentration  from  0  to  100?  or  0  to  40?  for  argon,  and  also  in 


the  region  of  reduced  pressures  in  carbon  dioxide  and  oxygen  (02 
concentration  ^0-10035),  the  spectra  were  analogous  to  spectra  of 
aluminum  combustion  in  oxygen  and  argon.  Two  doublets  of  aluminum 
and  nine  A10  bands  were  clearly  distinguished.  Despite  the  fact 
that  th6y  fall  in  the  working  range  of  the  spectrograph,  it  was 
impossible  to  detect  the  presence  of  CQ2,  CO,  and  C2  bands. 

Study  of  the  spectrum  of  emission  from  the  flame  of  metallized 
powders  and  solid  rocket  propellants  in  the  1-30  atm  range  was 
carried  out  successfully  by  the  authors  of  works  [173,  20 6,  2^7]. 

A  diagram  of  an  installation  especially  developed  for  this  purpose 
and  a  description  of  it  are  given  in  Section  II  (page  95)-  The 
spectrum  has  much  in  common  with  those  examined  above. 


*  The  radiation  of  the  flame  Jet  has  a  continuous  spectrum.  Its 
intensity  drops  gradually  in  the  direction  of  a  reduction  in  wave¬ 
length.  Vibration  bands  caused  by  molecules  of  A10  and  A1H  are 
manifested  against  the  background  of  the  continuous  spectrum  in 
the  pressui’e  Interval  5-10  atm.  In  the  visible  and  near  ultra¬ 
violet  regions  resonance  lines  of  atomic  aluminum  are  singled  out: 

O 

3961,  39M,  and  3082  A.  They  are  manifested  at  a  distance  of  1  mm1 
and  achieve  an  intensity  maximum  at  a  distance  of  2  mm  from  the 
combustion  surface  of  the  specimen.  Anomalies  sometimes  occur  in 
the  continuous  spectra;  without  exception,  these  can  be  connected 
not  only  with  candoluminescence  and  chemoluminescence,  but  also 
with  scattering  of  light  by  extremely  fine  particles  of  Al^  which 
are  formed  in  the  jet  during  combustion.  , 


It  should  be  noted  that  the  transparency  of  such  a  flame  is 
less  than  10~2  -  i.e.,  the  flame  jet  (specimen  diameter  5  mm)  with 
additions  of  aluminum  and  magnesium  is  not  transparent.  The  distri¬ 
bution  of  energies  in  the  spectrum  was  constructed  in  order  to 
study  the  nature  of  the  continuous  spectrum  of  the  investigated 
flames  (Fig.  73).  As  distance  from  the  combustion  surface  of  the 
charge  is  increased,  the- quantity  of  energy  emitted  by  the  flame 


187 


In  the  wavelength  interval  0.3-0. 6  ym  grows  and  reaches  a  maximum 
at  a  distance  of  1.5  mm  from  the  burning  surface.  It  remains 
virtually  constant  up  to  a  height  of  3-5  mm  and  then  begins  to 
drop  as  the  combustion  products  begin  to  cool.  The  obtained 
intensity  distribution  is  adequately  described  by  the  Wien  formula 


**  *  TeiX*'  (—  ‘itf-T), 


from  which  it  5s  possible  to  conclude  that  the  obtained  spectra 
are  identical  m  nature  to  plectra  of  chermal  radiation  of  a 
gray  body.  Prom  this  it  follows  that  the  continuous  spectrum  of 
the  flame  Jet  for  compositions  with  aluminum  is  due  to  thermal 
emission  of  Al^O^  particles.  The  glow  is  additionally  intensified 
by  the  thermal  radiation  of  A10  (or  MgO)  molecules. 


Pig*  73.  Distribution  of  energy  over  the 
height  of  a  flame  jet  for  the  composition 
PP  +  ammonium  perchlorate  +  20%  aluminum 
at  25  atm.  a  -in  the  coordinates  E,  1/A; 
b  -  in  the  coordinates  lg  E  +  5  lg  A,  1A. 
1  -  h  *  3  mm;  2  -  h  *  9  mm. 


Figure  7 4  shows  the  relative  intensity  of  A1  and  A10  resonance 
lines  over  the  height  of  a  flame  jet  for  a  composition  with  10£ 

Al.  The  presence  of  A10  bands  in  the  radiation  spectrum  i^ 
interpreted  as  proof  of  the  fact  that  the  process  of  aluminum 
combustion  in  the  flame  Jet.  for  prernixed  condensed  systems  occurs 
partially  through  the  intermediate  products,  with  the  formation 


Pig.  ?4.  Relative  intensity  of  A1 
and  A10  resonance  lines  over  the 
height  of  the  flame  Jet.  For  A10: 

1  -  4866(42)  A;  2  -  4672(48)  A;  3  - 

5399(54)  Aj  4  -  4842  A;  AI:  5  - 

3961(44)  A;  6  -  3082(92)  A. 

1  J  5  />,mm 

of  lower  oxides.  It  is  noted  that  although  the  spectrum  of  the 
flame  remains  continuous  with  an  increase  in  pressure  (up  to 
5  atm),  it  contains  no  Al  and  A10  bands. 

Prom  the  above  It  follows  that  the  spectrum  of  a  flame  of 
burning  aluminum  in  active  gaseous  medium  is  continuous.  Independent 
of  the  medium  composition.  The  continuity  of  the  spectrum  is  the 
result  of  thermal  emission  of  condensed  oxide.  A  number  of  lines 
and  bards  can  be  singled  out  against  the  general  background  of  the 
spectrum:  two  doublets  of  aluminum  and  nine  A10  bands. 

During  steady-state  combustion  the  lines  of  aluminum  and  its 
allbys  are  present  only  in  the  absorption  region.  The  presence  of 
aluminum  lines  in  emission  can  be  observed  in  the  spectrum  only 
in  the  period  of  development  or  the  very  concluding  stage  of 
combustion  of  the  metal  -  at  the  moment  of  quenching  (for  example. 

In  flashbulbs).  With  an  increase  in  pressure  there  is  a  drop  in 
the  intensity  of  the  individual  lines  with  respect  to  the  general 
background  of  the  continuous  spectrum,  and  at  a  pressure  greater 
than  7-10  atm  some  of  them  become,  in  general,  quite  difficult  to 
distinguish.  Since  strong  doublets  of  aluminum  and  A10  bands  are 
manifested  in  the  flame  spectrum  only  during  emission,  this  serves 
as  evidence  of  the  existence  In  the  flame  around  the  particle  of 
either  a  field  of  high  temperatures  or  an  active  chemical  reaction, 
during  which  these  elements  are  formed  In  the  excited  state. 


189 


V 


In  the  region  of  moderate  oxygen  concentrations  (30-55?)  and  a 
pressure  p  >  1  atm,  strong  aluminum  oxide  bands  can  be  distinguished 
against  the  background  of  the  continuous  spectrum  [237].  Their 
appearance  maybe  the  result  of  thermal  excitation.  One  of  the 
probable  mechanisms  of  aluminum  oxide  formation  is  the  surface 
reaction  between  particles  of  liquid  AlgO^  and  Al,  in  the  course 
of  which  A120  and  Al  are  formed  [28?].  The  presence  of  all  of  the 
bands  of  aluminum  oxide  in  the  region  of  low  pressures  against  the 
background  of  a  continuous  spectrum  in  emission  Indicates  the 
probability  that  aluminum  oxide  is  formed  as  the  result  of  a  vapor- 
phase  reaction  directly  within  the  flame. 

5.  Chemical  Composition  of  the 
Combustion  Products 

Study  of  condensates  collected  successively  duiing  the  combus¬ 
tion  of  aluminum  in  various  oxidizing  media  provides  a  basis  for 
the  conclusion  that  the  phase  state  of  the  final  products  of 
combustion  depends  on  the  condition  of  their  formation. 

According  to  the  results  of  X-ray  diffraction  analysis  the 
major  fraction  of  condensed  products  from  aluminum  combustion 
usually  comprises  the  a-modification  Algd^.  -  i.e.,  corundum.  This 
modification  Is  the  most  common  and  most  stable.  It  predominates 
during  combustion  of  aluminum,  in  the  range  of  atmospheric  and  higher 

pressures  and  at  moderate  values  of  oxygen  concentration  in  the 

*  *' 

medium  [237].  As  ohe  oxygen  concentration  is  increased  and, 
especially,  with  conversion  of  the  combustion  process  into  the 
subatmosphcric  region,  the  high- temperature  y-modification  appears. 
Usually  the  y-AljO^  is  a  mixture  of  three  modifications,  <-,  y-  and 
O-AlgOj-  At  temperatures  above  700°C  this  modification  undergoes 
an  Ir~everslble  trans format  1  on j^nto  u-Al-O,  [267J.  Sharp  coding 
of  the  combustion  products  -  for  example,  during  their  deposition 
on  heat-conducting  elements  of  the  Installation  -  prev  nts  the 
indicated  transformation  ard  thun,  under  certain  conditions,  will 
facilitate  the  forced  appearance  of  y-AlpO,  in  the  final  products. 
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During  combustion  of  aluminum  in  a  CO^-Og  medium  with  an  increased 
content  of  carbon  dioxide  a  yellow  crystalline  deposit  is  detected 
in  the  condensate;  at  lower  temperatures  this  reacts  with  water 
vapor  With  the  liberation  of  a  hydrocarbon  ga3 . 

In  terms  of  chemical  composition  and  properties  this  product 
is  Al^C^.  In  a  medium  with  a  high  content  of  halogens  or  of  their 
derivatives  -  for  example.  Cl  or  HC1  -  the  formation  of  aluminum 
halides  of  the  AlCl^  type  is  observed  along  with  that  of  corundum. 
Compunds  of  aluminum  with  capbon  and  chlorine  can  be  present  in  a 
substantial  quantity  (>1!0  among  the  products  of  combustion  of 
metallized  solid  fuels  based  on  ammonium  perchlorate.  The  probability 
of  their  appearance  grows  as  tne  initial  composition  of  the  pro¬ 
pellant  is  enriched  with  fuel  and  with  aluminum. 

At  the  same  time  suboxides  of  aluminum  A10  and  A120,  whose 
presence  or  possible  existence  In  the  flame  Is  confirmed  by  spectro¬ 
grams  or  by  thermodynamic  calculations  C?3  f],  are  not  found  in  the 
final  products  of  aluminum  combustion. 

6.  Time  of  Particle  Combustion 

' } 
i  „• 

The  time  of  combustion  of  parti  :7  a.:  of  aluminum  and  its  depen¬ 
dence  upon  various  factors  are  extremely  important  parameters  from 
a  practical  and  theoretical  point  of  view.  In  the  end  it  is  pre¬ 
cisely  thi3  parameter  which  determ'  ns’.-  the  effectiveness  with  which 
the  metallic  additives  are  utilized  In  combustion  chambers  of  various 
power  plants,  including  solid-propellant  rockets. 

Since  the  majority  of  studies  have  been  carried  out  in  tracking 
installations  and  burners,  the  quantitative  experimental  data  on 
the  time  of  particle  combustion  relate  mainly  to  atmospheric 
conditions.  However,  comparison  of  results  will  not  Infrequently 
run  into  major  difficulties,  since  the  authors  often  do  not  give 
the  detailed  characteristics  of  the  conditions  under  which  the  data 


were  obtained. 


In  the  flame  of  a  flat  propane-oxygen-nitrogen  burner  the  com¬ 
bustion  time  of  aluminum  particles  23  and  50  pm  in  diameter  comprises 
t  and  13  ms,  respectively.  Combustion  time  tr  is  roughly  propor¬ 
tional  to' the  diameter  of  the  particles,  d,  in  a  power  of  1.5  [133]. 


In  a  CO-Og  flame,  [13*0  combustion  time  for  spherical  aluminum 
particles  35  and  $9  pm  in  diameter  varies  as  a  fun  tion  of  the 
content  of  free  oxygen  and  water  vapor  Jn  the  flame. 


In  a  "dry"  atmosphere  (.7-9%  free  oxygen  and  0.5 1  H20)  it  equals 

6.6  t  0.7  and  12  ms.  With  the  addition  of  hydrogen  to  the  flame 

(18.1JE  H20  +  ^  8 i  02)  the  time  grew  to  10.5  ±  0.5  ms  for  particles 

with  d  *  3§  , tm  and  to  19  ms  for  particles  with  an  average  diameter 
>•  '  **  • 
of  $9  pm  '{ that  quantit  ative  composition  of  the  remaining  reagents 

was  not  indicated,  but  it  is  not  impossible  that  the  concentration 

of  C02  varied  with  a  change  in  the  H20  concentration;  T  *  2510°K) . 

Work  [26l]  gives  averaged  value  of  Tr  for  aluminum  particles 
15-50  pm  in  diameter  in  a  methane-oxygen  flame  (Pig.  75).  These 
results  have  a  more  illustrative  significance,  since  neither 
temperature  nor  flame  composition- are  reported.  However,  the 
fact  that  the  combustion  time  for  50-pm  particles  exceeds  that  of 
similar  particles  as  given  in  work  [13*0  by  3-**  times  allows  us 
to  assume  low  activity  of  the  flame. 

Approximate  evaluation  of  the  connection  of  Tp  with  particle 
dimension  d  shows  that  xr  is  proportional  to  diameter  to  a  degree 
of  1. 7-2.0. 

More  detailed  Information  on  the  effect  of  reactivity  of  a  gas- 
burner  flame  on  combustion  time  for  aluminum  can  be  drawn  from  work 
[2*16]  (particles  with  d  *  53-68  medium  CO  +_02,  p  *  1  atm). 

The  results  of  the  measurements  are  shown  or.  Pig.  76.  In  the 
upper  portion  of  the  figure  the  concentration  of  the  basic  reagents 


#3 


and  the  flame  temperature  are  given.  From  the  curve  It  follows  that 
with  a  constant  flame  temperature  (2500°K)  and  at  atmospheric  pressure 
the  combustion  time  for  aluminum  is  approximately  inversely  pro¬ 
portional  to  the  partial  pressure  of  oxygen.  Since  we  noted  earlier 
that  the  nature  of  the  combustion  process  for  aluminum  and  the  com¬ 
positions  of  its  product  are  significantly  influenced  by  the  presence 
of  hydrogen  or  water  in  the  oxidizing  medium,  the  question  arises 
of  the  effect  of  "humidity"  of  the  medium  on  the  time  of  particle 
combustion. 
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Pig..  75.  Combustion  time  for  A1  particles  in  a 
methane-oxygen  flame. 

Fig.  76.  Concentration  of  main  reagents  and  com¬ 
bustion  time  for  spherical  A1  particles  in  a  flame 
with  xCO  +  0.5  02. 

At  first  view  the  experimental  data  outlined  above  confirmed 
the  hypothesis  of  a  sharp  intensification  of  aluminum  combustion 
in  the  presence  of  moisture.  However,  from  this  point  of  view 
these  results  cannot  be  considered  correct^,  since  no  data  are  given 
on  the  remaining  reagents  besides  the  concentrations  of  HgO  and 
£>2.  This  concerns  first  of  all  C02,  which  can  participate  actively 
in  reactions  with  aluminum.  But  comparison  of  experimental  data  on 
combustion  rate  indicates  that  it  occurs  too  rapidly  Cespec1  sJLly  in 
a. "moist"  medium)  to  be  caused  only  by  diffusion  of  oxygen. 


Actually,  more  recent  investigations  [135]  of  conditions  of 
aluminum  combustion  in  a  gas  burner  have  shown  that  combustion 
time  for  aluminum  in  "moist"  and  "dry11  atmospheres  differs  very 
little;  Tp  for  particles  32  pm  in  diameter  comprises  2.8  ms  for 
a  "dry”  flame  and  3.2  ms  in  the  case  of  a  "moist"  flame.1  These 
values  were  determined  wlthtgreat  accuracy  arid  have  high  repro¬ 
ducibility.,  The  differences  are  extremely  small  and  can  be 
ascribed  to  the  action  of  carbon  dioxide,  whose  content  in  the 
"dry"  medium  is  higher  than  the  total  quantity  "of  C02  arid  H20  in 
•ithe  "moist"  atmosphere.  In  both. cases ' t  ■  is  proportional  to  the 
square  of  the  diameter. 

In  considering  the  time  parameters  of  combustion  of  finely 
dispersed  aluminum  in  a  high-temperature  gas  flow,  it  is  necessary 
to  single  out  the  case  of  combustion  In  products  of  the  gasification 
of  solid  fuel  or  heterogeneous  condensed  systems  In  constant-pressure 
instruments  or  In  installations  with  a  semiclosed  volume  like  a  model 
end-burning  raicrothruster .  An  outstanding  feature  of  the  latter  Is 
the  fact  that  the  required  level  of  pressure  and  high-temperature 
flow'rare  .created  in  them  as  a  direct  result  of  burning  of  the  powder 
or  of  fuel-oxidizer  compositions  which  simulate  powders.  The  basic 
method  of  introducing  aluminum  particles  into  a  flow  which  is  thus 
created  is  preliminary  pressing  of  them  into  specimens  of  the 
propellant. 


As  the  specimen  is  burned  up  the  metallic  particles  are  con¬ 
tinuously  injected  Into  the  flow  of  gaseous  decomposition  products 
escaping  from  the  surface  of  fuel  and  oxidizer  combustion.  The 
concentration  of  particles  per  unit  volume  of  the  flow  is  determined 
by  their  quantity  in  the  specimen.  If  the  main  problem  Is  to 
determine  the  induction  period  or  combustion  time  of  individual 
particles  of  one  metal  or  another,  the  quantity  of  It  In  the  com¬ 
position  of  the  specimen  usually  dees  not  exceed  0.01*.  At  thi*>.. 
concentration  there  is  adequate  basis  to  consider  that  the  inter¬ 
action  of  the  burning  particles  in  the  gas  flow  is  negligibly 
small.  -■  ’ 
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Work  [15$]  presents  a  broad  study  of  combustion  time  for 
individual  aluminum" particles'  as  a  function  of  the  basic  parameters 
of  the  flow:  pressure,  temperature,  and  composition.  Preliminary 
‘thermodynamic  calculation  of  a  number  of  compositions  on  an  elec¬ 
tronic  computer  made  it  possible  to  vary  the  composition  and  temp¬ 
erature  of  tne  medium  in  wide  limits,  independently  of  one  another, 
The  temperatu’-e  measurement  interval .comprised  1600-3000°K  (Pig.  77) 

As  has  already  been  emphasized,  the  composition  of  a  flow 
created  by  the  indicated  method  is  extremely  complex  and  can  include 
up  to  50-80  different  compounds,  radicals,  and  elements.  At  tbe 
same  time  the  basic  reagents  containing  oxygen  and  therefore  capable 
of  taking  an  active  part  in  the  reaction  of  aluminum  oxidation 
are  H20,  C02,  CO,  OH,  02,  0,  etc.  With  the  exception  of  the  first 
three,  the  remainder  are,  as  a  rule,  present  in  extremely  limited 
quantities  (fractions  of  a  percent)  and  do  not  have  any  essential 
influence  during  the  combustion  of  aluminum.  But  the  first  three 
are  not  of  equal  significance.  The  energy  of  molecule  dissociation 
is  given  below  for  the  compounds  which  are  most  characteristic  from 
the  point  of  view  of  the  considered  medium  [268]: 


Bond 

E,  kcal/mole 

h2-o 

119.2 

CO-O 

127.2 

C-0 

256.9 

Dissociation  energy  with  respect  to  oxygen  for  the  molecules  C02 
(CO  -  0)  and  H20(H  -  02)  is  about  half  that  of  C0(C  -  0).  From 
this  it  follows  that  with  concentrations  of  the  indicated  reagents 
in  the  flow  which  are  identical  in  order  of  magnitude  the  process 
of  oxidation  of  aluminum  should “proceed .primarily  due  to  its 
interaction  with  carbon  dioxide  and  water  -  which  are  equivalent 
to  each  other  with  respect  to  reactivity  with  aluminum. 

Thus  the  rate  of  combustion  of  aluminum  in  a  flow  which  is 
created  by  the  products  of  combustion  of  a  condensed  system  is 
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Pig.  77.  Adiabatic  temperature  of  the  flame 
(a)  and  relative  concentration  au  of  active 

oxygen-containirg  reagents  (b)  in  the  flame 
for  ammonium  perchlorate  compositions  with 
different  fuels.  1  -  polyethy* ene ;  2  -  poly- 
-W*I*yl  methacrylate;  3  -  poly formaldehyde j 
4  -  ballistin  N. 


determined  by  the  total  concentration  of  active  oxygen  carriers  - 
HgO  and  C02>  In  this  case  carbon  dioxide  in  reaction  with  aluminum 
is  reduced  predominantly  to  CO  rather  than  to  pure  carbon,  although 

with  respect  to  energy  the  lattf"  would ' §e  preferable : 

v.  ..  t  '"  '  ****■  ‘  f 

2A1  +  3C02  ♦  Al203  +  3C0  +  195.2  kcal/mcle . 

iiAl  ♦  3/2CO,  ♦  Alo0-  +  3/2C  +  257.2  kcal/mole. 

.  S  2  3 

Figure  77b  shows  graphic  curves  of  the  change  in  relative 
concentration  of  H20  +  C02  +  02  {parameter  as )  in  flames  of  a 
number  of  compositions  of  polymer  fuel  and  oxidizer  (APC)  as  a 
function  of  the  percentage  ratios  of  the  component. 

The  parameter  a  was  calculated  by  the  expression 

H 


*H,0  +  *C0,  +  ',01  +  ”' 

- FT - 100  H. 


(IV. 1) 


where  n^Ts  the  molar  or  volume  concentration  of  individual  reagents 
Naturally,  if  the  concentration  of  H20  and  CC>2  in  the  products  of 
specimen  combustion  is  small,  alui^inum  can  and  will  enter  into 
reaction  with  other  compounds. 


These  assumptions  find  confirmation  in  a  series  of  thermo¬ 
dynamic  calculations  of  the  process  of  combustion  of  metallized 
compositions  with  an  increased  aluminum  concentration . 

Since  the  curves  of  the  change  in  composition  and  temperature 
of  the  medium  (see  Fig.  77)  were  compiled  for  the  same  systems, 
there  is  broad  possibility  for  an  Independent  change  of  each  of 
the  parameters  named  above. 

On  the  basis  of  a  large  series  of  experiments  it  was  established 
[15^]  that  the  time  of  combustion  for  particles  of  finely  dispersed 
aluminum  is  virtually  unchanged  with  constant  pressure  and  with 
a  change  in  medium  composition  in  the  temperature  interval  2000- 
3300°K  (Fig.  78).  Ir.  the  region  of  lower  temperatures  xr  grows 
somewhat.  However,  this  growth  is  not  great.  For  particles  70  ym 
in  size  at  T  ~  l600°K  it  comprises  approximately  10%  of  the  t  for 
the  same  particles  at  2*JO0OK.  In  the  general  case  the  time  of 
burning  of  particles  of  a  given  size  is  approximately  inversely 

proportional  to  the  relative  concentration  of  H„0  and  CO,-,  in  the 

0  q  d  d  -1 

flame  jet:  t  ^  1/a  or,  for  practical  purposes,  t  v  a 
r  h  r*  k 

(Fig.  79). 

Davis  [2 46]  obtained  a  similar  result  for  conditions  of  a  gas 
burner:  Tr  is  inversely  proportional  to  the  partial  pressure  of 

oxygen. 

Results  on  the  dependence  of  burning  time  of  aluminum  on  pressure 
are  no  less  interesting  (Fig.  80).  At  pressures  about  25  atm  it 
virtually  ceases  to  depend  on  pressure  ( composition  and  temperature 
being  constant).  Beginning  at  20  atrr.  and  below  the  rate  of  high- 
temperature  oxidatJon  of  aluminum  is  reduced  and  r  grows.  A  more 
sharply  expressed  growth  in  with  a  reduction  in  pressure  was 
obtained  in  a  series  of  experiments  carried  out  in  a  constant- 
pressure  instrument  on  the  system  APC  -  poly  formaldehyde  -  aluminum 
[2^6]  (Fig.  8l) .  The  limiting  pressure  which  marks  the  beginning 
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Fig.  ?8.  Time  of  combustion  of  A1  particles  (d  = 
=  70  pm)  as  a  function  of  temperature. 

Fig.  79.  Effect  of  the  parameter  au  on  x  of 

aluminum.  1  -  d  =  140  pm;  2  -  a  =  70  pm. 


of  x p  »  const  is  shifted  into  a  region  of  higher  values  of  p 
( 7 0 r 1 0 0  atm).  This  pressure  is  the  higher,  the  greater  the  size 
of  the  particles.  The  reasons  for  the  divergence  in  magnitude 
of  maximum  pressures  are  not  clear.  However  the  quantitative 
values  of  equal-size  particles  in  the  xr  ?  f(p)  region  (with 
consideration  of  the  parameter  a  )  as  given  in  works  [15^,  2^6] 

H 

differ  very  little. 

One  of  the  central  questions  is  that  of  the  burning  time  for 
particles  as  a  function  of  their  size.  For  spherical  aluminum 
the  diameter  of  the  particle  is  the  dimension  concerned  here. 

Under  the  conditions  in  a  gas  burner  at  atmospheric  pressure  the 

majority  of  investigations  for  aluminum  indicate  a  law  which  is 

2 

quadratic  or  close  to  it,  xr  'v  d  .  This  is  emphasized  by  the 
sharp  growth  in  burning  time  of  particles  with  [an  increase  in] 
diameter  and  the  similarity  of  processes  of  metal  combustion  to 
diffusion  burning  of  hydrocarbon  fuel  [259]. 

During  burning  in  a  composition  of  condensed  systems  with 
p  ~  1  atm  burning  time  for  spherical  aluminum  particles  is  also 
proportional  to  d  .  However,  as  pressure  increases  the  square  law 
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Fig.  80.  r  as  9  function  of  P.  1  -  a  = 

D  r  ^  h 

=  37.5%;  2  -  a  «  71.5%. 

K 

Fig.  8l„  ir  as  a  function  of  P.  1  -  d^  = 

=  80-103;  2  -  dA1  »  53-66  pin. 

is  constantly  replaced  by  weaker  relationships .  In  the  pressure 
region  above  the  maximum  t_  is  proportional  to  the  diameter  to  a 
power  of  1.5  (Fig.  82)  and  is  independent  of  the  speed  of  the 
high-temperature  oxidizing  flow,  W  (Fig.  83).  The  transitioi 
from  a  quadratic  law  to  a  power  of  1.5  occurs  without  sharp  changes 
The  nature  of  the  change  in  Tr  with  particle  diameter  is  virtually 
independent  of  the  activity  of  the  medium  -  l.e.,  of  the  magnitude 
of  the  parameter  a  (30%  <  a  <  60%) .  However,  it  should  nonethe- 

K  ~ *  H  — 

less  be  noted  that  with  a  sharp  drop  in  the  concentration  of  Ho0 
and  C0o  in  the  flame  (a  <  25%)  the  exponent  drops  even  lower 
(to  1 . 4  or  less ) . 

Thus  during  combustion  of  aluminum  in  the  combustion  oroducts 
from  condensed  system;?,  where  the  basic  oxygen-containing  oxidizing 
reagents  are  Ho0  and  C02,  burning  time  t:  r  is  virtually  Independent 
of  the  medium  temperature  (T  >  2000°C)  and  of  pressure  (p  >  25  atm) 
but  at  the  same  time  it  varies  strongly  with  a  change  in  particle 
diameter  and  in  the  activity  of  the  medium,  a  . 

In  the  general  case  for  the  indicated  conditions 
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Fig.  80.  Fig.  8l . 
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Fig.  83. 


Fig.  82.  t  as  a  function  of  particle  diameter.  1  -  a  = 

n  H 


37.5%;  2  -  a  =  57.3%;  3  -  a  =  71-5% 


Fig.  83.  i  as  a  function  of  the  speed  W  of  the  high- 


temnerature  flow  for  d  =  70  pm. 


If  the  time  is  measured  in  milliseconds  and  the  diameter  in 
microns  the  proportionality  factor  k  will  equal  0.67.  Calculation 
by  the  proposed  formula 


,/  »•* 


aK 


ms 


(IV. 2) 


will  give  satisfactory  agreement  with  experiments.  For  example, 
for  particles  5C  pin  in  diameter  we  find  from  the  calculation  in  a 
flame  with  a  =57.5$  values  of  r  -  6.4  ms.  The  experimental 
value  of  burning  time  for  the  same  conditions  is  6.5  ms. 


In  order  of  magnitude  the  average  rate  of  burnout  over  the 
radius  comprises  5-10  mm/s  for  spherical  aluminum  15-20  pm  in 
diameter.  This  is  comparable  with  burning  of  ordinary  two-compo¬ 
nent  fuel  mixtures  based  on  APC  [156]. 


No  systematic  data  are  available  on  the  combustion  of  aluminum 
as  one  of  the  components  of  heterogeneous  systems  in  a  constant- 
pressure  instrument. 
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Nonetheless  the  available  data  make  it  possible  to  state  that 
the  conclusion  concerning  equality  of  average  burning  rate  for  fine 
particles  of  aluminum  and  the  normal  rate  of  combustion  of  solid 
rocket  propellants  remains  valid, 

7.  Effect  of  Medium  Composition 
and  Pressure  on  the  Combustion  of 
Aluminum 

Medium  and  pressure  have  a  direct  influence  on  the  process  of 
burning  of  metal.  Their  role  in  the  combustion  of  finely  dispersed 
aluminum  has  been  touched  upon  in  virtually  every  section  of  this 
chapter.  We  will  pause  once  again  to  consider  their  basic  features 

1.  The  process  of  burning  of  aluminum,  as  a  diffusion  process, 
is  activated  as  the  activity  of  the  medium  is  increased  and  with 

an  Increase  in  oxygen  concentration  or  the  concentration  of  oxygen- 
containing  reagents  of  the  H20  and  C02  type.  Carbon  dioxide  and 
water  vapor  are  equivalent  from  the  point  of  view  of  activity: 
combustion  time  for  aluminum  in  a  "dry"  and  "wet"  medium  virtually 
coincide  with  identical  concentrations  of  the  oxidizer. 

2.  A  high  content  of  oxygen,  the  most  highly  active  oxidizer 
during  combustion,  contributes  to  crushing  (fragmentation)  of  the 
particles.  When  a  substantial  quantity  (30%)  of  water  vapor  is 
present  in  the  medium  favorable  conditions  are  created  for  the 
formation  of  hollow  translucent  spheres  of  oxide  in  the  products 
from  combustion  of  aluminum.  With  an  increase  in  oxidizer  concen¬ 
tration  the  brightness  and  density  of  the  glowing  reaction  zone 
around  the  particle  will  Increase. 

3.  The  glowing  zone  of  combustion  of  a  particle  in  a  "moist" 
atmosphere  is  1.5-?  times  wider  than  in  the  absence  of  H,,0  or 
compounds  of  hydrogen. 

14 .  An  increase  in  pressure  p  leads  to  an  increase  in  the  rate 
and  to  weakening  of  the  dependence  of  combustion  time  of  aluminum 
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on  particle  size.  The  exponent  of  d  drops  from  2  to  1.5  with  a 
growth  in  p  from  atmospheric  level  to  30-80  atm. 

5.  The  width  of  the  reaction  zone  grows  with  a  reduction  in 
pressure,  while  the  density  of  the  glow  around  it  is  reduced. 

6.  In  the  region  of  elevated  pressures  the  phenomenon  of 
fragmentation  of  particles  occurs  more  rarely  than  when  p  <  1  atm. 

We  should  pause  for  separate  consideration  of  studies  on  the 
Influence  of  pressure  and  chemical  activity  of  the  medium  on  burn¬ 
ing  of  aluminum  wires  [236-239,  269]. 

Drawing  of  heat  to  the  electrodes,  intensive  thermal  radiation 
incident  on  parts  of  the  installation,  ignition  from  an  internal 
heat  source  (electrical  discharge)  rather  than  from  an  external 
source,  the  need  to  maintain  mechanical  integrity  in  the  period  of 
ignition  -  all  of  these  are  specific  features  of  the  combustion  of 
wires  and  tapes  and  are  not  encountered  in  carrying  out  experiments 
with  spherical  particles  in  a  gas  flow,  to  say  nothing  of  solid 
propellants.  Therefore  certain  special  features  and  conditions  of 
combustion  which  are  observed  during  burning  of  wires  cannot  be 
transfei'red  to  the  case  of  particles.  However,  there  is  unquestion 
ably  utility  In  research  of  this  type  and  consideration  of  the 
procedures  and  results. 

Diagram:  taken  from  works  of  Brzhustovski ,  Glassrnan,  and  Mel  lor 
show  the  basic  regions  which  are  specific  for  burning  of  aluminum 
wires  (anodized  and  unanodized)  which  are  ignited  in  mixtui’es  of 
oxygen  and  argon  [237]  or  oxygen  and  carbon  dioxide  or  carbon 
dioxide  and  argon  [236]. 

With  Ignition  in  the  region  of  low  pressures  and  high  oxygen 
concentrations  (Fig.  84,  region  1)  bright  blue  flame  appears 
on  the  tips  of  the  wires,  progressing  rapidly  toward  the  electrodes 
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Fig.  84  Combustion  of  aluminum  wires  in  an 
O^-Ar  medium. 

With  an  increase  in  pressure  (region  ?.)  the  density  of  the 
flame  grows;  its  color  becomes  an  Intense  white.  The  combustion 
produces  are  made  up  of  a  fine  white  smoke  with  bits  of  ceramic 
on  the  electrodes. 


Region  3  in  an  area  of  low  pressures  and  moderate  concent  ration 
of  oxygen.  In  external  appearance  the  flame  on  the  tips  of  the 
wires  is  similar  to  hydrocarbon  flames.  In  the  upper  left  corner 
of  the  figure  we  see  (clockwise)  flame  of  a  wire  0.9  mm  in  di¬ 
ameter  at  p  -  100  mm  !lg  and  oxygen  concei.  ration  nn  =  70*,  and 


then  p  =  50  mm  Hg  and  a. 


60%  .  The  figure  also  shows  combust  i  o.i 


products  on  the  electrodes  and  the  flame  at  p  =  50  mm  ilg  with 

n.  =  Q0% . 
c  2 

Bright  spots  are  visible  on  the  surface  of  the  wire  -  tiny 
spheres  of  liquid  aluminum  oxide.  Tracks  caused  hy  condensation 
of  AlpO^  in  the  surrounding  atmosphere  travel  out  from  the  d*'op 
surrounded  b\  the  flame.  The  appearance  of  bright  tracks  is  the 
result  of  turbulence  In  the  velocity  field  around  the  drop.  The 
surface  of  the  latter  is  not  uniform  in  brightness :  deposits  of 
oxide  cover  part  of  the  surface,  causing  asymmetrical  evaporation 
of  the  A1  . 
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With  an  increase  in  pressure  (region  ft)  the  flame  becomes  less 
transparent  and  draws  closer  to  the  drop  or  metal.  Bright  particles 
are  seen  in  the  zone  of  the  flame,  gradually  moving  out  of  it. 

'  . :  i  ■  ~v.  •  v 
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v;-  The  unburned  wire  is  covered  with  gray  vitreous  drops.  The 
combustion  products  on  the  floor  of  the  chamber  consist  of  trans- 
lucence  spheric? 1  particles  50-1C0  ym  in  diameter.  Certain  of 
them  reach  a  maximum  diameter  of  100-10C0  ym.  Only  the  very 
largest  r.  rticles  are  hollow.  The  deposit  on  the  electrodes  is 
made  up  of*  glassy  spherical  particles  less  than  10  ym  in  diameter. 

A  protecfj'/e  layer  of  aluminum  oxide  is  formed  comparatively 
slowly  on  the  surface  of  the  liquid  metal  and  thus  cannot  serve  to 
inhibit  the  x-eaction.  •  - 

In  region  ft  (see  Fig.  8ft)  we  see  a  flame  at  a  pressure  of 

2  atm  with  at  oxygen  content  *60 %.  After  initially  covering  the 

entire  crop,  the  flame  moves  upward  along  the  surface.  The  shape 
k  *  *  •* 
of  the  flair*  indicates  that  the  flame  does  not  sit  directly  on  the 

surface  of  th~  drop. 

In  region  5,  at  low  pressures,  the  flame  Is  analogous  to  that 
In  region  ft,  but  less  bright;  It  goes  out  quickly.  Metallic  drops 
3-ft  mm  In  size  with  a  dull  surface  are  collected  on  the  bottom  of 
the  installation;  there  is  no  vitreous  material.  At  higher  pressures 
a  flash  occurs  at  the  moment  when  the  protective  layer  is  melted. 
Brightly  glowing  particles  drop  from  the  point  of  fracture;  the 
remainder  of  the  wire  is  not  Ignited. 

The  rate  of  the  aluminum  oxidation  reaction  on  the  pure  surface 
of  the  metal  is  so  great  that  the  metal  is  rapidly  covered  with  a 
layer  of  oxide  which  prevents  further  -development  of  the  reaction. 

The  existence  of  this  region  is  connected  with  destruction  of  the 
integrity  of  the  specimen  and,  consequently,  with  termination  of 
heat  supply  (Joule  heat)  in  the  wire.  The  vapor-phase  combustion 
mechanism  is  not  applicable  to  this  region  and  its  existence  for 
spherical  particles  burning  in  a  high-temperature  flow  is  doubtful. 
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When  the  concentration  of  oxygen  in  the  medium  strops  to  20-30 % 
(regions  6  and  7)  the  burning  of  the  aluminum  wire  is  characterized 
by  a  rise  in  the  solid  deposit  in  the  diffusion  flame.  The  flame 
is  supplied  with  metal  draining  through  the  solid  oxide  shell 
covering  the  wire.  The  flame  front  is  virtually  invisible.  On 
the  tip  of  the  hollow  [oxide]  shell  a  solid  white  deposit  is 
detected.  The  figure  shows  the  flame  and  the  products  from  com¬ 
bustion  at  pressures  of  3^0  mm  Hg  and  2.1  atm  and  an  oxygen  concen¬ 
tration  ox'  30% .  With  an  increase  in  pressure  (region  7)  a  dense 
greyish  mass  is  formed,  which  was  not  observed  at  low  pressure 
(region  f). 

With  a  concentration  of  free  oxygen  in  the  medium  of  less  than 
it  was  not  possible  to  ignite  aluminum  wires  in  the  investigated 
interval  of  pressures.  The  observed  picture  bf  combustion  of  wires 
is  unchanged  if  anodized  aluminum  is  used  instead  of  the  pure  form. 

Figure  85,  whose  boundaries  are  also  tentative,  shows  the, 
picture  of  combustion  of  aluminum  in  a  medium  of  carbon  dioxide 
with  oxygen  and  argon. 


Fig.  85.  Burning  of  anodized  aluminum  wires 
in  a  C02-02-Ar  medium. 
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anodized  aluminum  wires  burn  in  a  mixture  of  carbon  dioxide 
and  oxygen  (region  3)  with  any  ratio  of  02  and  CO,,.  In  a  carbon 
dioxide  aad  argon  medium  the  region  of  ignition  is  sharply  narrowed, 
'<ripici*lly  at  pressures  above  0.5  atm.  Burning  occurs  only  with  an 
oxygen  concentration  higher  than  ?0-90*.  Ignition  is  connected  with 
destruction  of  the  wire.  However,  if  ignition  has  occurred  the  , 
process  is  analogous  to  burning  of  aluminum  in  an  oxygen  and  carbon 
dioxide  medium  at  the  same  pressures  (p  >  1  atm).  ' 

'  The  observed  flames  correspond  to. flames  in  regions  3  and  4 
(low  pressure)  on  Pig.  84.  The  flame  travels  rapidly  along  the 
wire  and  at  the  tip  takes  on  a  spherical  shape.  With  ,_*n  increase 
in  pressure  the  flame  front  draws  closer  to  the  surface.  At  high 
oxygen  concentrations  the  color  of  the  flame  is  bright  blu*,.  At  _ 
the  top  of  the  photo  related  to  region  3  we  see  a  flame  in  pure 
carbon  dioxide  at  a  pressure  of  2  atm;  the  bottom  photo  shows  the 
flame  during  burning  of  aluminum  in  a  carbon  dioxide  and  oxygen 
medium  (50/50)  at  a  pressure  of  1  atm.  The  condensate  is  equivalent 
to  the' condensate,. in  regions ,3  and  4  of  the  preceding  setup  (see 
Pig.  84),  with  the  exception  of  the  fact  that  in  this  case  a  larger 
quantity  of  gray  and  black  flakes  and  spheres  is  present.  The  dark 
color  increases  with  a  growth  in  carbon  dioxide  concentration. 

This  indicates  the  formation  of  pure  carbon  in  this  region  during 
the  reaction  A1  +  COg.  • 

,  ‘  w.  %■ 

In  a  carbon  dioxide  and  argon  medium  ignitior-.is  facilitated 
with  a  decrease  in  pressure:  at  pressures  below  0.3  atm  wires  are. 
oxidized  even  at  an  argon  concenlirationr  of  more  than  9036  (10^  CO^)  • 
Two  regions  of  combustion  are  distinguished  here:  region  1  at 
high  C02  concentrations  and  pressure  below  0.2  atm,  and  region  2 
with  pressure  up  to  0.5  atm  and  an  oxygen  concentration  from  the 
determining  limit  of  the  ignition  region  up  to  values  which  relate 
to  region  1  (see  Pig.  85). 

In  region  1  a  cylindrical  flame  is  formed  around  the  wire 
immediately  after  ignition  (at  p  *  50  mm  Hg,  50%  GO,,).  At  the 
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moniunt  when  the  wire  break*  we  ace.  on  Its  tips  hall*  of  aluminum, 
leaking  downwi.rrt,  surrounded  by  a  diffmUon  flame.  The  total  time 
of  the  process,  including  Ignition  and  burning,  comprises  1-7  second 

The  deposit  la  of  n  grayish  color  and  in  predominantly  a  mixture  of 
A.lpO^  and  carbon. 

In  general  features  region  2  is  similar  to  region  1,  which  again 
serves  to  emphasise  the  tentative  nature  of  the  division  of  aluminum 
combustion  into  regions. 

A  cylindrical  flame  is  also  formed  after  Ignition;  however,  it 
is  loaated  somewhat  closer  to  the  wire  than  in  region  1.  This 
flame  does  not  disappear  even  after  the  wire  breaks.  Owing  to  the 
extremely  small  burning  time  (0.  •'<-;?.«  a)  the  molten  aluminum  is 
unable  to  run  down  to  the  end  of  the  wire.  Figure  8f5  shows  a 
specimen  of  cylindrical  flame  at  a  pressure  of  300  nun  Hg  and  a 
molar  fraction  of  carbon  dioxide  equal  to  0.9,  and  also  the  hollow 
shell  which  remains  after  Its  quenching. 

A  translucent  deposit  is  formed  on  the  electrode  at  high  C0o 
concentrations  in  regions  1  and  The  diameter  of  the  smallest 
particles  equalled  '3-10  pm.  A  few  darker  particles  are  p^sent  - 
the  result  of  the  presence  of  carbon. 


Region  b  falls  in  the  class  of  low  pressures  (less  than  atmos¬ 
pheric),  high  CO^  concentrations,  and  low  0o  concentrations.  The 
mechanism  and  products  of  combustion  are  analogous  to  those  In 
region  6  ot  Figure  8b.  The  photograph  gives  a  picture  of  combus¬ 
tion  at  a  pressure  of  300  mm  Hg  and  an  oxygen  content  of  105?.  The 
duration  of  the  process  Is  up  to  12  seconds.  In  the  period  of 
existence  of  a  diffusion  flame  a  solid  deposit  builds  up  on  the 
wire.  The  reaction  occurs  at  the  expense  of  molten  aluminum  covered 
with  an  oxide  film.  A  white  deposit  with  a  small  quantity  of  black 
carbon  plates  or  flakes  is  noted  on  the  electrodes. 


Region  5  la  character! tod  by  largo  sky-blue  flames.  It  la 
similar  to  region  3  in  terms  of  the  diagram  of  oombustion  in  a 
mixture  or  oxygen  and  of  argon.  There  is  a  small  quantity  of  a 
yellow  deposit  which  is  absent  in  oxygen  and  argon  mixtures;  this 
can  bo  identified  as  Ali(C.^.  The  total  burning  time  is  10-20 
seconds.  These  photographs  were  obtained  at  a  pressure  of  50  mm 
Hg:  for  the  upper  photo  the  0^  content  was  50 Jt ,  and  in  the  lower 

photograph  it  was  4055. 

In  region  6  we  observe  a  combination  of  the  mechanisms  of 
combustion  in  regions  3  and  4.  The  twj  types  of  flames  are  present 
simultaneously  or  separately.  If  they  exist  simultaneously  the 
appearance  of  the  flame  characteristic  for  region  4  precedes  that 
of  the  flame  characteristic  for  region  3.  This  region  can  also  be 
included  in  region  3  of  Fig.  84.  The  time  of  the  total  burning 
process  equals  1~.?8  seconds.  Region  6  is  a  buffer  between  regions 
3  and  4.  The  photographs  were  obtained  at  100  mm  Hg,  with  the  one 
on  the  left  being  taken  with  a  60#  0,,  concentration  and  the  one  on 
the  right  In  100#  0?. 

thus  the  pressure  and  composition  of  the  medium  are  unquestion¬ 
ably  Important  during  burning  of  metal.  But  it  must  be  emphasized 
once  again  that  certain  of  the  examined  specific  regions  for  burning 
of  wires  may  not  necessarily  apply  to  the  combustion  of  aluminum 
part ic les . 

8.  Effect  of  Additives  on  Aluminum 
Combustion 

Metals  of  high  purity  were  used  to  obtain  the  optimum  charac¬ 
teristics  of  combustion.  There  is  no  question  of  the  need  and 
substantiation  for  this  requirement.  However,  during  solution 
of  pi'actlcal  problems  certain  additives  are  deliberately  used. 

One  of  the  additives  most  frequently  applied  is  magnesium. 
Magnesium  forms  a  strong  alloy  in  any  ratio  with  aluminum.  The 


eutectic  alloy  contains  11?!  magnesium  and  89JJ  aluminum.  This  is 
one  of  the  metals  which  activates  the  burning  of  aluminum  and  at 
the  same  time  introduces  a  comparatively  small  reduction  in  the 
power  capacities  of  the  metal  as  a  component  of  rocket  propellant. 
In  terms  of  activity  of  metals  magnesium  is  in  second  place  behind 
aluminum. 

Of  the  various  alloys  the  one  which  burns  most  quickly  is  an 
alloy  consisting  of  65#  A1  and.  3b%  Mg  [137].  Cinephotographs  of 
the  burning  of  aluminum-magnesium  alloy  particles  indicate  that 
a  two-stage  process  occurs  in  this  case. 

On  the  first  stage,  immediately  after  ignition,  there  is 
predominant  burning  out  of  the  magnesium.  Then  the  aluminum 
ignites  and  is  burned.  On  the  first  stage  the  track  is  similar 
to  the  track  for  combustion  of  magnesium:  its  width  substantially 
exceeds  the  width  of  the  track  of  an  aluminum  particle  of  similar 
size.  At  the  same  time  the  possibility  of  partial  evaporation  and 
combustion  of  aluminum  is  not  completely  excluded.  Spectroscopic 
measurements  show  that  A10  lines  exist  in  the  flame  in  this  stage. 

On  the  second  stage  virtually  pure  aluminum  burns  with  traces 
which  are  characteristic  for  its  features  and  properties.  In 
certain  cases  the  transition  of  combustion  from  the  first  to  the 
second  stage  is  accompanied  by  a  drop  in  the  intensity  of  the 
glow.  This  is  favored  by  a  low  temperature  of  the  medium. 

The  phenomenon  of  fragmentation  is  expressed  more  sharply 
during  burning  of  the  magnesium-aluminum  alloy  than  during  com¬ 
bustion  of  aluminum. 

The  products  from  combustion  of  the  alloy  are  extremely  similar 
to  products  from  aluminum  combustion.  Along  with  a  subdispersed 
condensate,  hollow  spherical  shells  are  formed.  The  X-ray  composi¬ 
tion  of  the  products  from  burning  of  aluminum-magnesium  alloys  is 
shown  in  Table  19. 
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Table  19.  Radiography  of  products  from  the 
combustion  of  Al-Mg  alloy  [137]. 
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Combustion 

Basic 

oxides 

Seccnd-stage  oxide 

Al 

x-A1.03 

T-AIAV 

Al  -  !>%  Mg 

r-Aho, 

MgAljOi 

Al  -  12%  MR 

MgAbO* 

T  AbO;.  (uni  a  Al.-Oa  ii  Mgoj 

Al  — 36%  Mg 

MjjAljCh 

a-AljOj,  v-ALO, 

A! --43%  Mff 

MgAbOi 

r-AIjO,  MgO 

Al  — 50%  Mg 

MyAI/J,,  MgO 

7-Al,0, 

VI  -  Mg 

!  McrAi.Oi,  MgO 

9-AIjOj,  t-AI'O, 

A! -05%  Mg 

MgA!;Oi,  MgO 

I Tor  AI.Dj 

Al--S0%  Mg  j 

MgO 

MgAl.Oi 

Al  —  00%  My 

!  MirO 

MgAljOj 

Mg 

MgO 

[net  = 


'no' 


=  "and"] 


The  predominance  of  MgAl^O^  in  the  combustion  products  attests 
tc  the  formation  of  this  compound  directly  in  the  process  of  the 
reaction.  The  time  of  steady -state  combustion  of  the  alloy 
particles,  without  fragmentation,  depends  on  the  ratio  of  A1  to  Mg. 
As  the  magnesium  fraction  in  the  alloy  Is  increased  this  time  is 
reduced,  gradually  approaching  the  combustion  time  for  a  particle 
of  pure  magnesium.  Under  identical  conditions  and  with  equal 
spherical  dimensions  of  the  particles  the  combustion  time  of 
aluminum  is  approximately  3  times  as  great  as  that  for  magnesium 
(Pig.  86). 


Fig.  86.  Burning  time  t  for  parti¬ 
cles  of  Al-Mg  alloy. 


It  is  noted  [137]  that  the  addition  of  a  small  quantity  (2%) 
of  Li,  B.  Ti,  Zr,  V,  Mo,  Cr,  Mn  additives  to  an  aluminum-magnesium 
alloy  containing  65%  aluminum  sharply  reduces  the  burning  rate 
( by  5-6  times ) . 
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Combustion  of  the  lithium  aluminum  hydride  LiA.lH^  occurs  in 
three  stages .  First  the  gaseous  hydrogen  which  is  formed  during 
decomposition  is  burned  off.  Then  the  lithium  evaporates  and  burns. 
Finally  on  the  concluding  stage  there  is  the  remaining  aluminum, 
which  burns  in  the  fashion  characteristic  for  it.  The  multistage 
nature  of  combustion  is  inherent  to  many  other  compounds  and  hydrides 
of  aluminum. 

9.  Models  of  Combustion  of 
Aluminum  Particles 

As  a  result  of  experimental  study  of  the  process  of  self-sus¬ 
taining  combustion,  analysis  of  combustion  products,  spectroscopic 
and  fluoroscopic  investigations,  and  generalization  of  the  obtained 
quantitative  and  qualitative  data,  two  model  mechanisms  of  the 
combustion  of  aluminum  particles  have  been  advanced. 

One  of  these  is  the  "bubble"  model  of  Bartlette,  Fassel,  et  al . 
[26l].  According  to  this  model  a  molten  spherical  drop  of  aluminum 
is  encased  in  a  solid  shell  of  aluminum  oxide  which  in  turn  is  at 
a  temperature  close  to  the  boiling  temperature.  The  rate  of  com¬ 
bustion  is  limited  by  the  diffusion  of  gaseous  reagents  through  the 
oxide  film. 

The  second  model  is  that  of  vapor-phase  combustion.  The  rate 
of  the  process  is  determined  by  mutual  diffusion  transfer  of 
aluminum  and  oxidizer  vapors  into  the  high-temperature  zone  of  the 
reaction.  In  its  general  features  this  model  Is  analogous  to  the 
diffusion  model  of  combustion  cf  drops  of  hydrocarbons  developed 
by  G.  A.  Varshavskiy,  D.  A.  Frank-Kamenetskiy ,  et  al . 

The  bubble  model  is  depicted  schematically  on  Figure  87.  The 
authors  have  tentatively  broken  it  down  into  three  time  periods. 

The  first  period  is  that  of  surface  oxidation  of  the  aluminum. 

The  reaction  rate  Is  determined  by  the  slow  diffusion  of  reagents 
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through  the  solid  film  of  oxidas  which  covers  the  particle  of 
metal.  This  is  the  so-called  preignition . period .  Its  extent  in 
time  determines  the  delay  in  ignition  of  the  particle,  t  .  In 
this  period  there  is  a  gradual  heating  of  the  metal  up  to  the  melt¬ 
ing  point  and  further  heating  of  the  melted  particle  to  a  tempera¬ 
ture  equal  to  the  melting  temperature  of  the  oxide  shell  (^2300°K)  . 
The  melting  point  of  A120^  is  the  temperature  limit  of  the  first 
region.  Heat  transfer  to  the  particle  is  accomplished  mainly  by 
thermoconductivity  from  the  surrounding  medium  and  partially  through 
the  reaction  of  slow  surface  oxidation  of  the  metal  through  the 
oxide  film  and  by  radiation.  In  the  course  of  the  .reaction  the 
thickness  of  the  oxide  film  is  gradually  increased. 

Transition  of  the  process  to  the  second  period  is  connected 
with  melting  of  the  oxide  film  covering  the  molten  particle  of 
metal.  This  demarcation  is  indicated  by  a  sharp  increase  (t 
several  orders  of  magnitude)  in  the  rate  of  diffusion  of  reagents 
within  liquid  substances  as  compared  with  that  in  solids  [132,  270]. 
The  temperature  Interval  of  the  region  ranges  from  the  melting 
point  of  AIpO^  up  to  the  boiling  temperature  of  pure  aluminum. 

Fig.  87.  Diagram  of  the  "bub¬ 
ble"  model  of  particle  combus¬ 
tion.  T^  -  ignition  tempera¬ 
ture;  T^  -  boiling  temperature 
of  the  metal;  T^  -  boiling 

temperature  of  the  oxide. 

I  -  ignition  delay;  II,  III  - 
evaporation  and  burning  of  the 
metals;  M  -  metal  particle; 

OK  -  oxide. 

The  main  source  of  heat  is  the  chemical  reaction  of  aluminum 
oxidation.  The  supply  of  heat  from  the  gas  by  conduction  is 
insignificant . 
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Since  the  pressure  of  aluminum  vapors  is  lower  than  the  pressure 
of  the  surrounding  medium  the  molten  oxide  film  is  located  directly 
on  the  liquid  drop  of  metal.  This  coating  prevents  evaporation  of 
the  aluminum.  The  radius  of  the  particle  changes  insignificantly 
and  only  as  a  result  of  partial  oxidation  of  the  metal.  The  dura¬ 
tion  of  the  second  period,  t^,  is  determined  ly  the  time  required 
to  raise  the  temperature  of  the  particle  to  the  boiling  temperature 
of  aluminum. 

The  quantity  tn  is  found  from  equality  of  the  heat  which  is 
liberated  as  a  result  of  the  chemical  reaction  of  aluminum  oxida¬ 
tion,  Q^,  and  the  heat  which  is  required  to  heat  the  metal  from 
the  Ignition  temperature  T  '  up  to  the  boiling  temperature  THMn. 

The  supply  of  heat  from  the  medium  can  be  ignored.  For  particles 
with  initial  radius  RQ  and  oxide  film  thickness  R0  -  R^  <<  RQ  the 
weight  rate  of  oxidation  of  the  metal  is  approximated  by  the  diffu¬ 
sion  law  for  a  flat  surface: 


(ini/A _ Dig  SC _ 

dt  {1{\: 


(IV. 3) 


where  2  is  the  coefficient  of  diffusion  of  reagents  in  the  liquid 
aluminum  oxide;  AC  is  the  gradient  of  reagent  concentrations;  pM  - 
is  the  density  of  the  metal;  p.^  is  the  density  of  metal  ions  in  the 
aluminum  oxide. 

On  the  other  hand,  the  rate  of  oxidation  of  a  spherical  particle 
is  connected  with  a  change  in  its  radius  by  the  relationship 


dm/A  .  i ill 


(IV. t) 


By  equating  expressions  (IV. 3)  and  (IV. ^4)  and  integrating  the 
obtained  expression  (after  substitution  of  boundary  conditions: 
with  t  «  0  Rh  ■  R0),  we  find  that  the  thickness  of  the  oxide  layer 
will  equal 


2,V>i,sACI  -.V. 


(IV. 5) 


Prom  this  the  quantity  of  heat  liberated  in  the  course  of  the 
chemical  reaction,  will  be 

<?i  =■  |2P,D, (IV.  6) 

(AH  is  the  heat  of  formation  of  aluminum  oxide  in  the  temperature 
interval  At  =  2300-271J0oK) . 

Considering  the  fact  that  <<  RQ)  the  quantity  of  heat 

necessary  to  heat  the  particle  from  ignition  temperature  to  the 
boiling  temperature  of  aluminum  will  equal 

<?-•  -  *!*?„«*  (A nTmm  -  A nTj  ( IV .  7 ) 

(AHm  ,  AHt  are  the  enthalpies  of  the  molten  metal  at  the  boil- 
i«Hn  bo  -3 

ing  temperature  and  tne  ignition  temperature  in  cal/g'5). 

Time  t1  is  found  from  the  equality  Q1  «  Q2«  Specific  calcula¬ 
tions  were  carried  out  for  particles  with  Rn  =  50  pm  for  three 

_  o  _  c  _  g 

values  of  2AC  equal  respectively  to  10  ,  10  ■  or  10  g/cm-s. 

The  selection  was  based  on  the  fact  that  for  liquids  (except  for 
polymer  liquids)  diffusion  coefficients  depend  weakly  on  tempera¬ 
ture  and  chemical  composition  and  are  very  close  to  one  another  - 
-4  -<1  2 

usually  10  -10  cm  /s . 

In  the  calculation  it  was  assumed  that  AH  =  6400  oal/g,  AH^ 

h  wn 

-  AH  -  115  cal/g,  Rq  -  Rn  -  C.3  vm. 

1  on 

According  to  the  calculations  the  duration  of  the  second 
period  -  i.e.,  the  time  t^  -  equals  1.56-10  1.56-10  \  and 

1.56  ms  respectively. 

In  comparison  with  the  total  combustion  time  the  time  t^  Is 
extremely  small  and  therefore  the  assumptions  which  were  made  in 
order  to  simplify  the  calculation  (Ignoring  heat  exchange  from  the 


ambient  medium,  introduction  of  average  value  of  AH,  etc.)  are 
fully  justifiable.  For  the  indicated  reason  the  role  of  pressure 
is  also  not  great. 

In  the  third  period  with  achievement  of  the  boiling  point  of 
the  metal  evaporation  of  A1  occurs  into  the  space  between  the 
surface  of  the  drop  and  the  inner  surface  of  the  oxide  shell 
(see  Big.  87). 

The  radius  of  the  oxide  shell  is  determined  by  the  equality  of 
the  mass  rates  of  evaporation  and  oxidation  of  the  metal.  Since 
diffusion  of  reagents  through  the  oxide  shell  is  the  limiting  stage 
the  reaction  should  occur  on  one  of  the  shell  surfaces.  The  latter 
situation  depends  on  the  ratio  of  the  diffusion  coefficients  of  the 
metal  and  the  oxidizer  in  molten  Al^O^.  The  temperature  of  the 
particle  equals  the  boiling  temperature  of  Al;  the  shell  has  a 
higher  temperature,  determined  by  conditions  of  the  thermal  balance 

The  rate  of  mass  transfer  of  metal  in  the  radial  direction  is 
expressed  through  the  rate  V  of  diffusion  of  metal  in  vapor  form 
in  the  same  direction: 

n'r«*r MV-  (IV.o, 

where  py  is  the  density  of  the  metal  In  the  vapor  state. 

It  is  assumed  that  the  latter  quantity  is  sufficiently  small 
and  the  oxide  film  is  adequately  mobile  for  pressure  gradients  to 
be  absent  between  its  inner  and  outer  surfaces. 

The  distribution  of  temperatures  between  the  surface  of  the 
metal  and  the  shell  is  given  by  the  equation 
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(IV. 9) 


The  coefficient  of  heat  conductivity  of  the  vaporized  metal, 
X,  is  taken  as  equal  to  the  average  value  at  a  temperature 


according  to  the  theory  of  monoatomic  dilute  gases. 


1/2<T„„n  +  V* 

The  equation  of  the  heat  balance  on  the  drop, 

H',A//,ln„  -  (  -  4:i  (  I V  .  1 0  ) 

is  found  from  'conditions  of  equality  of  heat  expenditures  on  evapo¬ 
ration  of  the  metal  and  heat  input  to  the  drop  by  the  flow  of  heat 
dT 

q  -  from  the  region  filled  w-ith  vaporized  metal. 

The  solution  is  found  in  the  form 
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(IV. 11) 


In  this  equation  all  of  the  constants  except  are  known  or  can 


be  calculated.  In  the  absence  of  heat  losses  to  the  outside,  T 


cp 


is  assumed  to  be  equal  to  the  adiabatic  temperature  of  the  flame 
of  b Lgh-temperature  oxidation  of  aluminum. 


In  the  opinion  of  the  authors,  at  atmospheric  pressure  the  error 

in  determining  T  will  play  an  insigi  1  f  1  cant  role,  since  the 

c  p 

quantity  enters  into  the  expressio  i  in  the  form  (T  “ 

However,  with  an  increase  in  pressure  the  role  of  accuracy  in 
determining  Tc^  grows  (in  view  of  the  increase  In  the  boiling 
temperature).  Solution  of  equation  (IV. 11)  for  Rq  =  50  pm  was 
used  to  calculate  the  change  in  the  radius  of  the  aluminum  drop  in 
time,  according  to 


till  v 


Hr 


(TV. If) 


rt  was  assumed  that  T  *  3700°C  and  the  value  of  the  product 
-'I  „  „-5  cp  .  ,  „-6 


D1>2AC  -  10 


10 


and  10 


g. 


cm , 
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Comparison  of  the  calculations  with  an  experiment  on  the  burning 
of  spherical  particles  of  aluminum  carried  out  in  a  carbon  dioxide- 
oxygen  flame  (Fig.  88)  shows  that  for  correlation  of  the  indicated 


data  the  required  value  of  D,  „AC  should  lie  in  the  interval  between 


10  and  10  g/s-cm. 


1,2 


Fig.  88.  Change  in  particle  radius  in 
time  (calculated)  (p  =  1  atm;  T  =  3700°K, 


I  -  DAC  =  10”6  g-cm-s-1 


=  10 


-5. 


Ill 


DAC  =  10 


;  II  -  DAC  = 

-4 


If  the  burning  time  of  50-pm  aluminum  particles  determined  prom 
experiment  falls  in  the  limits  40-65  ms,  according  to  the  calcula- 


117  ms 


tions  t ^  will  equal,  respectively,  56  ms  (D,  ^A C  =  10 

/n  Ari  _  1A"’^).  We  will  emphasize  that 


(D1  2AC  =  10“ J)  and  160  ms  (D1  pAC  =  10' 


the  uncertainty  of  the  product  ^AC  remains  a  weak  point  in  the 
question  of  quantitative  checking  of  the  proposed  model. 
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The  considered  model  gives  a  natural  and  simple  explanation  for 
certain  specific  features  of  the  combustion  of  aluminum.  This 
includes  first  of  all  such  phenomena  as  fragmentation,  rotation, 
and  distortion  of  the  particle  motion  trajectory  in  the  process 
■>f  combustion  In  a  gas  flow.  As  has  already  been  stated,  the  shell 
of  molten  aluminum  oxide  located  around  the  evaporating  drop  of 
aluminum  in  the  proposed  model  is  a  unique  regulator  of  the  rates 
of  evaporation  and  oxidation  of  the-  metal.  If  because  of  certain 
conditions  the  shell  loses  its  elasticity  or  If  its  role*  as  a 
diffusion  barrier  is  increased,  the  pressure  of  the  vaporized  metal 
may  exceed  the  pressure  of  the  ambient:  medium  plus  the  mechanical 
strength  of  the  shell.  In  this  case  the  shell  Is  torn  or  fragmented. 

In  the  first  case  vapors  of  metal  which  escape  from  the  fracture 
lead  to  the  appearance  of  an  asymmetrical  reaction  force  and  as  a 

:■)  7 


r-':  ’’  ■'  ,. ..  ^  ‘"J  v  s  ■  q 

-v>, .  \  i.  *r  •  — 

Na  result  .to  rotation  and  distortion  of  the  particle  motion- trajVetory. 

In  the  case  when  the  sphere  is  broken  up  the  liquid  drcp  of  rr.athl 

•  ’■  -  if  ■  l  t  v  3  { 

"  is  shattered  into  a  number  of  fragments  which  fly  off  |'\,  a  radial 
i.  direction  and  burn  up  as  a  totality  of  individual  fine  jn.rticles.,, 

.,v:  r  v- 

•  *  -  i  «, 

' "  ■  *“•  ■  \  %  ■ 

The  "bubble”  model  is  supported  by  the  sharp  definition  ,:f  the 
combustion  zone  and  by  the  presence  of  clear  sharp  tracks  during 
visual  investigation  of  the  burning  of  aluminum  in  a  "moist"  medium. 


But  for  the  most  part  this  model  is  either  difficult  to  explain 

,  4L 

or  is  contradicted  by  the  majority  of  experimental  results  on  com- 

'  ■  -of.  . 

"r  bustion  of  aluminum.  Investigations  of  the  process  of  aluminum 
particle  combustion  by  methods  of  forced  quenching  and  high-fre¬ 
quency  cinematography  indicate,  as  we  saw  earlier,  a  connection 
of  the  flame  with  segments  of  the  surface  of  the  particle  which  are 
more  likely  free  of  oxide  than  covered  with  it.  A  diffusion  cloud 
of  auLdispersed  A120^  exists  around  the  burning  particle;  It  Is 
extremely  difficult  to  explain  the  formation  of  this  cloud  In  the 
presence  of  a  solid  oxide  film.  This  is  true  to  an  equal  degree 
7:  with  regards  to  the  blurred  form  of  the  track  during  combustion  of 
A1  in  aj."dry"  medium. 


At  the  same  time  rr  of  aluminum  particles  of  equal  dimension 
in  mixtures  of  H20  and  C02  in  equal  proportions  or  in  an  atmosphere 
with  oxygen,  are  correspondingly  equal. 

If  we  work  on  the  basis  of  the  "bubble"  model  positions,  this 
equality  snould  not  exist.  Judging  from  the  differences  in  the 
external  picture,  the  liquid  AlgO^  should  create  a  barrier  of 
variable  density  on  the  path  of  the  HgO  and  C02.  From  this  point 
of1  View  burning  of  aluminum  in  a  medium,  enriched  with  oxygen  should 
not  demonstrate  any  essential  qualitative  differences  In  the 
presence  or  absence  of  water  vapor. 

'  .  ^  .Furthermore,  the  calculated  values  of  combustion  time  rr 

‘^obtained  by  Bartlett  et  al.  [261]  by  a  calculation  scheme  which 
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they  developed  appear,  despite  agreement  with  (their  own)  experi¬ 
ment,  to  be  extremely  overstated.  To  correlate  the  calculation 
with  experimental,  values  in  this  case  It  was  necessary  to  take  a 
value  of  2AC  an  order  of  magnitude  higher-  (D^  2AC  =  10“^)  than 
those  selected  as  characteristic  for  diffusion  processes  In  liquids 
[270].  According  to  maximum  evaluations  the  rates  of  aluminum 
burning  under  these  conditions  correspond  to.  the  rates  of  diffusion 
of  oxidizer  in  a  gaseous  medium  without  any  additional  resistance, 
such  as  that  offered  by  a  film  of  liquid  oxide. 

Finally,  in  the  considered  model  the  question  of  removal  of 
aluminum  oxidation  products  from  the  reaction  zone  is  no  simple 
matter.  Since  the  reaction  rate  is  determined  by  diffusion  through 
the  oxide  shell,  the  combustion  front  should  be  connected  with  one 
of  its  surfaces  (inner  or  outer).  The  temperature  of  the  shell 
and,  consequently,  the  zone  of  combustion  are  limited  by  the  boil¬ 
ing  temperature  of  aluminum.  From  this  situation  two  possible 
variants  arise.  The  first  is  a  gradual  accumulation  of  oxide  on 
the  surface  of  the  shell,  increasing  its  thickness  and  conseqeuntly 
leading  to  a  gradual  reduction  in  reaction  rate  -  i.e.,  and  the 
rate  of  aluminum  burning.  The  second  path  is  the  existence  of  a 
mechanism  for  removing  reaction  products  beyond  the  limits  of 
the  shell  -  for  example,  by  evaporation  of  A120^  (of  low  prob¬ 
ability)  or  as  the  result  of  the  formation  of  suboxides  of  aluminum 
during  burning  (A10,  AlgO),  existing  in  the  gaseous  state  at  the 
reaction  temperature  and  diffusing  into  the  surrounding  atmosphere. 
In  the  latter  case  additional  complexities  arise,  connected  with 
the  presence  of  a  zone  of  completed  reaction  and  condensation. 

Thus,  the  sum  total  of  the  pros  and  cons  regarding  the  "bubble" 
model  of  combustion  of  particles  of  metal  of  the  aluminum  type 
indicates  that  the  greater  portion  of  the  experimental  results 
are  difficult  to  explain  from  the  positions  of  this  model.  These 
results  find  a  more  reasonable  explanation  if  we  take  the  diffu¬ 
sion  model  of  combustion  as  the  basis. 


'?•  We  will  pauae  to  consider  the  diffusion  g^vA^Cr-pause  -C'i 

eomh-stion. 
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*■  Vapor-phase  combustion  is  one  of  the  most  possible  and  probable 
forms  of  steady-state  combustion  of  aluminum  in  a  high-temperature 
gas  flow.  The  burning  of  such  metals  has  many  features  in  common 
with  the"  process  of  combustion  of  drops  of  hydrocarbon  fuel,  the 
theory  of  which  was  formulated  by  Varshavskiy  [259].  Therefore 
it  ik,  quite  natural  that  the  first  descriptions  of  the  process 
of  burning  such  metals  were  based  on  analytical  methods  similar 
to, those  developed  previously  for  hydrocarbons.  At  the  same  time 
it  was  clear  that  quantitative  and  even,  to  a  certain  degree, 
qualitative  differences  exist  between  these  processes.  This  is 
first  o-f  all  concerned  with  the  level  of  temperatures,  gradients, 
and  thermal  fluxes,  conditions  of  equilibrium  and  phase  states  of 
the  final  combustion  products,  etc. 

•*.  ■■  , 

According  to  the  initial  hypothesis  of  Glassman  [271],  if  the 
boiling  temperature  of  the  oxide  of  the  metal  is  higher  than  the 
boiling  temperature  of  the  metal  itself,  steady-state  combustion 
of  the  metal  occurs  in  the  vapor  phase.  The  boiling  point  of  the 
oxide  limits  the  temperature  or  the  combustion  zone.'  If,  on  the 
other  hand,  the  boiling  temperature  of  the  metal  is  higher  than 
that  of  the  oxide  the  process  of  combustion  is  localized  on  the 
surface  of  the  particle. 

Limitation  of  the  temperature  of  the  combustion  zone  from  the 
top  for  a  number  of  metals,  including  aluminum,  is  postulated  by 
the  fact  that  for  them  the  heat  AHKMn  of  evaporation  and  dissocia¬ 
tion  of  the  oxide  at  T  is  greater  than  the  heat  of  the  oxidation 
reaction,  Q: 


Simple  calculation  shows  that  the  expenditure  of  heat  for 
evaporation  of  a  single  mole  of  the  oxide  Al^O^  at  the  boiling 


t«mp«rature  ia  equivalent  t;o  thft  quantity  of  heat  H berated  during 
burning  of  1.J?  moH>a  of  the  motal  in  oxygen  under  adiabatic  condi¬ 
tions,  Heat,  transfer  into  the  surrounding  apace  by  conductivity 
and  radiation  facilitates  an  intensification  of  the  inequality 
given  above, 

Glnaaman  includes  A.l ,  be,  Zr,  Mg,  Li,  Si  in  the  class  of  metals 
which  burn  in  the  vapor  phase. 

Subsequently  Glasamnr.  and  Rrzustowski  updated  the  basic  postulate 
concerning  the  burning  of  metals  in  the  vapor  phase  fUn],  In  the 
first  variant  it  is  nocossary  that  the  boiling  temperature  of  the 
oxide  of  Die  metal  exceed  that  of  the  metal  i  t "  ^  1 T  ,  but  this  is 
not  a  sufficient;  condition  for  vapor-phase  combustion.  And,  on 
the  other  hand,  if  the  boiling  temperature  of  the  metal  is  higher 
r.hu,,  'hat  of  its  oxide,  this  is  considered  a  sufficient  but  not 
noo«  oary  condition  for  the  surface  reaction.  Whether  or  not  com¬ 
bustion  occurs  in  reality  in  the  vapor  phase  is  a  question  which 
depends  on  the  intensity  of  heat  losses  from  the  flame  zone. 

Gordon  [ijfl]  proposed  that  metals  and  their  compounds  which  he 
had  studied  be  broken  down  into  five  groups  or  classes  in  accordance 
with  the  boiling  points  of  the  metals  and  their  oxides. 

Brzustowski  and  Glassinan,  accepting  the  Gordon  classification 
in  principle,  subjected  it  to  detailed  analysis  with  consideration 
of  the  modified  eriterlal  thermodynamic  position  concerning  vapor- 
phase  combustion  which  they  advanced.  The  following  chemical 
elements  are  examined;  Li,  K,  Na,  Be,  Mg,  Ca ,  Al,  Zr,  Si,  Ti,  B. 
They  were  divided  into  volatile  and  nonvolatile.  The  nonvolatile 
types  were  divided  into  classes  according  to  the  solubility  of  the 
oxide.  In  contrast  to  the  first  classification,  within  the  limits 
of  each  class  a  distinction  is  drawn  individually  for  fine  and 
large  particles  and  account  is  taken  of  the  conditions  of  their 
heat  exchange  with  the  ambient  high-temperature  oxidizing  medium. 


High  heat  transfer  intensity; 
low  accumulation  of  oxide  on 
the  surface 


Small  Droplet  Diffusion 

particle  flanK 


Low  heat-exchange  Intensity; 

si^nij.  leant  formation  of  oxide  on  surface 


Large  Drop  with  Diffusion  flame  The  metal  boils,  the 

particle  some  oxide  over  a  porous  layer  of  oxide  ib 

on  surface  layer  of  oxide,  shattered.  Hot  drop;; 

reverse  heat  of  metal  burn  in  a 

transfer  from  diffusion  flame 

the  gas  to  the 
,  liquid 

Fig.  89.  Diagram  of  the  combustion  of  particles  of  volatile  metals. 

a.  Volatile  metals,  Mg  (Fig.  89).  The  boiling  temperature  of 
metal  in  this  group  is  lower  than  the  boiling  temperature  of  their 
oxides.  The  ratio  of  the  volume  of  the  oxide  to  the  volume  of 
consumed  metal  -  the  Pilllng-Bedvors  criterion  -  is  smaller  than 
unity  and  therefore  during  combustion  the  surface  of  the  metal 
particle  is  not  covered  with  a  solid  oxide  film.  With  considera¬ 
tion  of  the  criterion  of  vapor-phase  combustion  it  is  assumed,  that 
the  indicated  metals  burn  in  the  diffusion  regime: 


Small  pavtieles.  The  size  of  particles  which  are  considered 
to  be  small  is  determined  by  the  temperature  and  composition  of 
the  surrounding  atmosphere,  the  rate  of  surface  oxidation,  and 
the  vapor  pressure  of  the  metal  at  a  given  temperature.  For  small 
particles  the  ratio  of  surface  area  to  volume  is  high  (inversely 
proportional  to  their  diameter).  They  are  heated  up  to  the  melting 
point  quite  rapidly.  During  the  heating  period  a  small  quantity 
of  oxide  is  formed  on  the  surface,  but  does  not  prevent  evaporation 
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and  diffusion  of  metal  vapors  into  the  reaction  zone.  Since  the 
vapor  pressure  of  the  metal  depends  strongly  on  temperature  and 
is  very  great  in  absolute  magnitude  at  the  high  temperatures  which 
are  characteristic  for  burning  of  solid  rocket  propellants,  vapor- 
phase  oxidation  of  the  metal  occurs  at  a  small  rate.  A  glowing 
zone  of  diffusion  flame  exists  around  the  burning  particle. 

Large  particles.  The  rate  of  growth  in  temperature  is  small. 
Oxide  accumulates  on  the  surface  of  the  particle.  Since  the  oxide 
has  a  porous  structure  and  does  not  form  a  solid  protective  film, 
evaporating  metal  diffuses  into  the  reaction  zone  and  burns  in  a 
slow  diffusion  flame.  The  liberated  heat  warms  the  drop  of  metal 
located  beyond  the  gradually  thickening  layer  of  oxide.  Its 
temperature  can  reach  the  boiling  point  of  the  metal.  As  a  result 
of  overheating  the  drop  breaks  up  the  oxide  shell  and  flies  apart 
into  a  number  of  very  small  particles.  Each  of  these  burns  accord¬ 
ing  to  the  mechanism  of  combustion  of  small  drops  . 

Any  gas  which  is  previously  dissolved  in  the  metal  can  strong]/ 
lower  its  boiling  temperature  (the  partial  pressure  of  the  gas 
is  added  to  the  vapor  pressure  of  the  metal)  and  therefore  frag¬ 
mentation  can  occur  at  an  even  lower  temperature . 

b.  Nonvolatile  metals.  This  class  includes  aluminum,  beryllium 
silicon,  titanium,  zirconium,  and  boron.  For  these  metals  6  is 
greater  than  unity  (1. 3-2.7).  The  oxides  of  aluminum,  beryllium, 
and  silicon  cover  the  surface  of  the  particle  solidly  with  a 
protective  layer.  This  layer  inhibits  oxidation  of  the  metal. 
Aluminum,  beryllium,  and  silicon  form  a  group  of  nonvolatile  metals 
with  insoluble  oxides.  Titanium  and  zirconium  can  form  a  solid 
solution  of  the  oxide  in  the  metal.  There  is  no  clearcut  inter¬ 
face  between  the  metal  and  the  oxide.  Combustion  is  not  terminated 
even  if  the  particle  is  covered  with  a  thick  layer  of  oxide. 

These  belong  to  the  group  of  nonvolatile  metals  with  soluble  oxides 
The  boiling  temperature  of  the  oxides  of  all  these  metals  (except 
silicon)  is  higher  than  the  boiling  temperature  of  the  metal. 
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Therefore  tb*»  criterion  (necessary  condition)  of  vapor-phase 
combustion  is  fulfilled  for  them.  However,  the  actual  realization 
of  combustion  in  the  vapor  phase  is  questionable  in  the  case  of 
titanium  and  zirconium.  Despite  the  fact  that  the  boiling  temper¬ 
ature  of  the  oxide  is  higher  than  that  of  the  metal,  the  difference 
between  them  is  no  greater  than  500°  .  Losses  of  heat  from  the 
burning  particle  by  heat  conductivity  and  by  radiation  convert 
the  process  to  conditions  of  slow  surface  combustion. 

Boron  is  a  member  of  the  group  of  nonvolatile  metals  with  a  soluble 
oxide.  The  oxide  of  boron  has  low  melting  and  boiling  temperatures 
(lower  than  for  the  metal).  The  form  of  combustion  depends  on 
heat  exchange  with  the  ambient  medium. 

c.  Nonvolatile  metal,  insoluble  oxide  (Fig.  90).  Large 
particles .  During  heating  and  before  melting  a  protective  layer 
of  oxide  is  formed  on  the  surface  of  the  particle.  Surface  oxi¬ 
dation  occurs.  There  is  no  combustion  as  such. 

Snail  particles .  The  rate  of  temperature  rise  up  to  the  melt¬ 
ing  point  is  high.  Surface  oxidation  is  unable  to  form  a  large 
larger  of  oxide.  Heat  exchange  with  the  medium  determines  the 
form  of  steady-state  combustion: 

1.  The  temperature  of  the  surface  does  not  exceed  the  melting 
temperature  of  the  oxide.  The  mechanism  of  combustion  is  analogous 
to  burning  of  large  particles. 

?.  The  temperature  of  the  particle  exceeds  the  melting  temp¬ 
erature  of  the  oxide.  A  shell  of  liquid  oxide  limits  uhe  rate 
of  oxidation  of  the  metal.  Since  the  rate  of  diffusion  through 
the  liquid  oxide  is  higher  than  diffusion  through  the  solid  form, 
the  time  required  for  the  particle  to  burn  up  is  less  than  that 
in  case  1. 
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Pig-  90.  Diagram  of  the  combustion  of  particles 
volatile  metal,  insoluble  oxide"  system. 


-r 

rescnMl  gases  blow  liquid  <l) 

BUBrtlCli  OXYGEN  'STILL  0*~FUi 


—HOT 

oroplets 

BURN  BY 
DIFFUSION 


in  the  "non- 


Surface  burning  may  be  accompanied  by  partial  evaporation  of 
the  oxide  (variant  a,  see  Fig.  90).  The  layer  of  oxide  retains 
its  thickness .  If  burning  goes  to  the  end  the  final  product  is 
a  drop  of  oxide.  If  combustion  is  terminated  before  complete 
combustion  of  the  metal,  the  residue  is  a  drop  of  metal  surrounded 
by  a  thick-walled  shell  of  oxide.  When  a  certain  amount  of  soluble 
gas  is  present  in  the  metal  the  liberation  of  the  gas  may  result 
in  inflation  of  a  shell  of  liquid  oxide  (variant  0,  see  Pig.  90). 
The  metal  is  burned  out  on  the  surface  of  the  particle  due  to 
diffusion  of  oxygen  through  the  shell.  The  type  of  residue  Is  a 
hollow  thick-walled  spherical  shell. 


3.  High  temperature  of  the  ambient  medium.  Low  heat  losses. 
Overheating  of  the  metal  and  destruction  of  the  shell  surrounding 
it  are  possible.  This  variant  is  impossible  for  silicon:  the 
temperature  of  the  flame  is  limited  by  the  boiling  temperature  of 
the  oxide,  which  is  lower  than  the  boiling  temperature  of  silicon. 
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d.  Nonvolatile  metal;  soluble  oxide  (Fig.  91).  Small  pavtiolee . 
A  thick  layer  of  oxide  cannot  be  formed  on  the  surface  of  the 
particle  before  it  melts.  The  combustion  reaction  is  limited  by 
diffusion  through  the  oxide.  Temperature  and  heat  exchange  with 
the  surface  of  the  particle  play  an  important  role: 

1.  Heat  losses  from  the  surface  are  great,  and  the  oxide 
temperature  does  not  reach  the  melting  point.  The  rate  of  combus¬ 
tion  Is  determined  by  diffusion  of  metal  and  oxygen  through  the 
solid  oxide.  A  gradual  reduction  in  the  drop  of  metal  is  accompa¬ 
nied  by  a  growth  of  the  oxide.  The  final  product  is  a  particle 
of  oxide  which  is  approximately  equal  to  the  initial  particle  of 
metal. 
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fig.  91*  Diagram  of  combustion  of  particles  in  the  "nonvolatile 
metal,  soluble  oxide"  system. 


2.  The  temperature  of  the  particle  surface  reaches  the 
melting  point  osp  the  ■oxide'.  In  this  variant  the  picture  pif' com¬ 
bustion  is  anai6gpu,fc  /to  that  which  is  characteristic  for  burn.l&'g 
or  motais  'Tvfom  the  /^Nonvolatile  metal,  insoluble  oxide”  group. 

3.  The  boiling^  temperature  of  the  partible  inside  the  oxide 
chel %  reaches  the  t/oiling  temperature  of  the  metal .  Explosion  of 
the.pjheii  is  accompanied  by -escape  of  drops  in  the  form  of  a 
number  of  small  , particles  which  burn  under  diffusion  vapor-phase 
conditions.,  It  is  considered  that  there  is 'little  probability  of 
realization  of  the  'Variant  for  particles  of  titanium  and  zirconium 
in  products  from  combustion  of  solid  propellants,  owing' to  the 
strong  thermal  losses  by  radiation. 

Large  partiales.  ■  Before  the  particle  melts  its  surface  is 
covered  with  a  layer  of  oxide 'which  forms  a  solid  solution  with 
the  metal.  Surface  burning  occurs  as  the  result  of  mutual  diffu¬ 
sion  of  vapors  of  the  metal  and  oxidizer  through  the  solid  layer. 
Reverse  flow  of  heat  to  the  solid  particle  may  cause  it  to  melt. 

Since  there  Is  no  boundary  between  the  metal  and  oxide  the 
brittle  film  of  oxide  is  destroyed  in  the  process  of  melting  and 
the  particle  breaks  down  into  individual  droplets.  These  drops 
maybe  Joined  to  part  of  the  oxide.  Further  combustion  occurs  by 
the  mechanism  of  burning  if  small  particles. 

e.  Nonvolatile  metal,  vo  ;t  ,e  o.v  de  (Fig.  91).  The  metal 
(especially  boron)  remains  in  the  sol : d  state.  An  exception  to 
this  is  the  case  of  very  high  temperatures  of  the  ambient  medium, 
when  some  of  the  metal  melted.  Particle  dimensions  have  no 
effect.  The  state  of  the  oxide  depends  on  heat  exchange  with  the 
medium  and  on  radiant  heat  losses  from  the  surface  of  the  particle 
Three  variants  are  possible: 

1.  If,  because  of  intensive  heat  losses,  the  temperature  of 
the  oxide  does  not  reach  the  melting  temperature  slow  surface 
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Pig.  92.  Diagram  of  combustion  of  particles  in  the  "non¬ 
volatile  metal,  volatile  oxide"  system. 


oxidation  of  the  metal  takes  place.  The  rate  of  oxide  buildup  is 
limited  by  diffusion  through  the  solid  oxide  shell.  With  a  growth 
in  the  layer  of  oxide  the  oxidation  process  is  inhibited. 


2.  The • Intensity  of  thermal  losses  is  lower  and  the  oxide 
reaches  the  melting  point  and  melts.  The  reaction  rate  is  con¬ 
siderably  higher  ana  is  determined  by  diffusion  through  the  liquid 
layer  of  oxide.  If  the  temperature  is  sufficiently  high  evapora¬ 
tion  of  the  oxide  reduces  the  size  of  the  particle. 


3.  The  temperature  of  the  liquid  oxide  reaches  boiling  temp¬ 
erature.  The  rate  of  combustion  can  be  limited  both  by  the  rate 
of  diffusion  of  oxide  in  the  vapor  form  and  products  of  dissocia¬ 
tion  from  the  particle  surface  and  also  by  an  increase  in  the 
thickness  of  the  layer  in  the  liquid  oxide.  Each  of  these  processes 
will  be  limiting  and  depends  on  the  expenditure  of  heat  in  evapora¬ 
tion  of  the  oxide  and  on  heat  exchange  with  the  ambient  medium. 


For  boron  water  vapor  accelerates  evaporation  of  the  oxide 
due  to  the  formati  >n  of  the  highly  volatile  metoborlc  acid  HDO^. 
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In  accordance  with  the  above  classification,  Brzustowski  and 
Glassman  developed  an  analytical  model  of  vapor  phase  combustion 
of  metal  particles.  The  group  of  metals  for  which  this  model 
may  be  applicable  Includes  aluminum,  magnesium,  beryllium,  etc. 

They  based  their  consideration  on  the  theory  of  diffusion  vapor- 
phase  combustion  of  drops  of  hydrocarbon. 

The  spherical  particle  of  molten  metal  A  (Pig.  93)  is  surround¬ 
ed  by  an  infinitely  thin  reaction  zone  B,  located  at  a  certain 
distance  from  it.  The  reaction  zone  is  bounded  on  both  sides  with 
a  region  of  immobile  gas:  on  the  particle  side  by  spherical  region 
AB  and  on  the  side  of  the  ambient  atmosphere  by  region  BC .  The 
outer  boundary  of  BC  is  assumed  to  be  located  at  infinity.  It  is 
considered  that  the  fuel  and  oxidizer  diffuse  into  the  reaction 
zone  in  a  stoichiometric  ratio. 

Liquid 


Pig-  93-  Diagram  of  the  vapor- 
phase  model  of  combustion  of 
particles . 

The  transfer  of  reaction  products  outside  creates  additional 
diffusion  resistance  for  the  oxidizer.  The  model  Is  assumed  to  he 
isobarlc  and  quasl-statlonary . 

Five  basic  physical  processes  a*’e  taken  Into  account  In  the 
theoretical  analysis:  1)  evaporation  of  particles  at  temperature 
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Ta;  2)  diffusion  of  oxidizer  into  the  flame  zone  through  region 
EC;  3)  diffusion  of  metal  in  the  vapor  phase  from  the  surface  of 
the  particle  to  the  flame  zone  B  through  region  AC;  4)  transfer  of 
heat  from  the  flame  zone  B  to  the  particle  surface  (conductivity 
and  radiation);  and  5)  heat  transfer  from  the  flame  zone  (conduc¬ 
tivity  and  radiation)  into  the  ambient  medium. 

The  initial  parameters  which  determine  the  physical  ana  chem¬ 
ical  properties  of  the  system  during  the  solution  are  the  radius 
of  the  metal  particle  R^,  total  pressure  P  and  temperature  T  of 
the  medium,  partial  pressure  P  of  the  oxidizer  in  the  ambient 
medium,  the  oxidizer,  and  the  metal.  The  unknown  parameters  are 
the  radius  of  the  reaction  zone  RR ,  temperature  of  the  metal  T., 
the  molar  flow  rate  of  condensed  metal,  and  the  partial  pressure 
of  vapors  of  the  metal  at  the  particle  surface,  p  . 

In  region  AB  the  concentration  of  reaction  products  and  of 
oxidizer  is  considered  equal  to  zero:  the  flow  rate  of  fuel  is 
determined  by  the  rate  of  evaporation  of  the  particles.  In  region 
BC  there  are  three  gaseous  substances:  oxidizer  (oh),  inert  gas 
(I),  and  combustion  products  in  the  vapor  phase  (p). 

The  following  relationship  is  valid  for  an  ideal  gas: 

/'.  -H  /',  +  /*„  -  I’-  (TV..!  3) 

Flow  idles  of  uxi  User  (u>^ )  and  gaseous  combustion  products 
(ujp)  are  mutually  connected  by  the  equation  of  conservation  of 
matter : 


where  a  13  the  fraction  of  evaporating  condensed  combustion  prod¬ 
ucts;  m  is  the  stoichiometric  coefficient. 
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From  this  the  condition  for  existence  of  a  flow  from  reaction 
zone  B  into  the  ambient  -ned.uin  is  written  as 


;j> 
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(TV. 14) 


In  the  physical  sense  this  means  that  for  each  mole  of  oxidizer 
which  is  consumed  in  the  flame  more  than  1  mole  of  gaseous  re¬ 
action  product  should  be  formed.  Simultaneously,  fulfillment  of 
this  condition  can  be  called  the  criterion  of  the  possibility  of 
transfer  of  condensed  combustion  products  from  the  flame  zone. 

The  indicated  inequality  is  normally  fulfilled  for  burning  of 
hydrocarbon  drops  . 

In  general  form  the  conclusions  of  Brzustowski  and  Glassman 
reflect  the  experimentally  observed  features  of  combustion  of 
particles  of  aluminum  and  magnesium  -  the  dependence  of  process 
rate  on  the  concentration  of  oxidizer,  the  ratio  between  the 
combustion  zone  and  the  radius  of  the  particle,  and  the  degree  of 
influence  of  the  temperature  of  the  medium.  But  even  for  a 
medium  in  which  the  basic  oxidizer  is  oxygen  the  rates  of  combus¬ 
tion  (evaporation)  of  particles  of  finely  dispersed  aluminum  as 
calculated  by  this  theory  differ  substantially  (are  understated) 
from  experiment.  The  latter  is  also  true  of  the  quantity  R,,/R. 
and  the  temperature  of  the  surface  of  the  burning  aluminum 
(Fig.  94).  One  reason  for  this  lies  in  the  fact  that,  as  has 
already  been  stated,  a  number  of  parameters  used  for  the  solution 
are  not  entirely  accurate. 

According  to  the  valid  conclusion  of  the  authors  themselves, 
the  significance  of  the  proposed  theory  consists  in  the  fact  that 
it  shows  the  probability  and  certain  special  feature*  of  vapor- 
phase  combustion  of  drops  of  aluminum  one!  magnesium  with  favorable 
ambient  conditions. 

The  work  by  Kuehl  [  2 9 3  J  represents  a  certain  refinement  ol* 
the  quasl-atatlonary  theory  of  combustion  of  metals  In  the  vapor 
phase  put  forward  by  Brzustowski  and  Glassman.  The  basic  assump¬ 
tions  remain  as  before,  but  the  determining  equations  are  converted 
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for  oxidizers  which,  in  contrast  to  oxygen,  form  noncondensed 
inert  products  of  the  hydrogen  or  nitrogen  type  in  the  reaction. 

For  example,  such  oxidizers  include  water  vapor,  carbon  dioxide, 
etc.  Although  the  inert  products  which  are  formed  do  not  partici¬ 
pate  in  the  reaction  they  must  be  taken  into  account  in  the  general 
equation  of  the  heat  balance.  To  ignore  these  facts  is  to  distort 
the  real  physical  model  of  combustion  of  particles  of  metals  of 
the  aluminum  type  and  leads  to  understating  the  calculated  rate 
of  the  process  being  analyzed. 


Fig.  9^.  Particle  temperature 
T^,  combustion  zone  temperature 

Tg,  and  Rg/R^  as  a  function  of 
02  concentration. 


A  further  improved  model  was  proposed  by  Klyachko  [ 2??].  In 
the  theoretical  analysis  of  combustion  of  metal  particles  which 
he  developed  the  process  is  assumed  to  be  quasi-stationary .  Within 
the  framework  of  the  quasi-stationary  theory  of  combustion  diffusion 
of  oxide  in  the  vapor  form  into  the  particle  is,  strictly  speaking, 
possible  only  in  the  presence  of  a  parallel  process  ol  its  condensa¬ 
tion.  Therefore  in  the  general  case  the  problem  reduces  to  solu- 
tion  of  3econd-cfder  nonlinear  differential  equations.  However, 
by  introducing  effective  parameters  (effective  temperature  of  com¬ 
bustion  and  effective  concentration  of  oxide  in  the  vapor  phase) 
as  well  as  a  number  of  simplifications ,  the  solution  is  carried  out 
within  the  framework  of  linear  theory. 
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As  in  the  preceding  considerations,  the  effect  of  radiation 
from  the  flame  zone  and  partial  evaporation  or  dissociation  of 
the  reaction  products  (oxides)  on  the  process  of  combustion  of 
metal  is  taken  into  account.  The  diagram  of  the  physical  model 
of  combustion,  with  the  exception  of  the  presence  of  two-way  flow 
of  reaction  products  (oxides)  in  the  vapor  form  out  of  zone  B£  is 
analogous  to  that  given  on  Pig.  93.  • 


The  following  assumptions  *  were  made: 

1)  the  particle  is  at  the  equilibrium  temperature  of  evapora¬ 
tion  of  the  metal; 


2)  the  combustion  zone  is  infinitely  thin  and  the  concentration 
of  reagents  in  it  equals  zero; 

3)  the  rate  of  diffusion  of  condensed  combustion  products  in 
the  reaction  zone  equals  zero; 

4)  the  transfer  coefficient  in  the  corresponding  zonelT'is 
averaged  in  terms  of  temperature  and  composition;  , 

5)  the  effective  degree  of  evaporation  of  reaction  products 
equals  the  arithmetic  mean  value  between  the  degree  of  their 
evaporation  in  zone  B  at  infinity  and  on  the  drop  surface  -  i.e., 

«  ■  «/2; 


6;  the  fraction  of  oxide  in  the  vapor  form,  k,  which  diffuses 
to  the  surface  of  the  particle  is  equal  to  one-half  of  the  tota1 
vapor  oxide  formed  in  the  reaction  zone. 

The  temperature  TR  of  the  radiating  layer  of  the  combustion 
zone  is  taken  as  equal  to  T^  of  the  oxide  Al^^  if  Tp  >  T^  av$; 
equal  to  Tr  if  T.  <  t"J. 


The  reduced  degree  of  blackness,  £n,  of  the  particle  surface 
la  assigned  by  the  Christiansen  formula  [273],  which  is  valid  for 
the  case  of  heat  exchange  between  a  convex  body  and  a  shell  surround¬ 
ing  it: 


_L  +  lL(_L-,| 
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(IV. 15) 


The  system  of  basic  equations  which  describe  the . combustion 
process  includes  the  following:  * 


Equation  of  heat  balance  in  the  zone  AB: 


*V'v  ir>  -  -  ^n~  -r  01, . 


’>  (IV,  16) 


The  effect  of  diffusion  and  condensation  of  oxide  in  the  vapor 
phase  into  this  region  is  taken  into  account  during  the  solution 
by  Introducing  the  effective  temperature  of  combustion. 

Equation  of  heat  balance  for  the  combustion  zone  B: 

"T «rv>  ~  J.,,  V)  -  J IT)  -  Jnv  (1  -  ,)  //£"  IT,)  - 

.  '  (IV. 17) 

Since  the  process  is  quasi-stationary  the  connection  between 

the  flows  of  metal  vapors  oxidizer  J  ,  and  products  J  is 

M  ok’  r  np 

assigned  by  the  equation  of  the  reaction  and  by  stoichiometric 
coefficients  of  this  equation: 

~  .  (IV.  18) 

TM  tob  Tnp 

In  the  designations  used  the  quantity  *  4wr2  e  c( -  t!1)  is 
the  radiation  flux  from  the  reaction  zone  to  the  surface  of  the 
particle;  *  4irr^  erc(T^  -  T^)  is  the  radiation  flux  from  the 
reaction  zone  into  the  external  zone.  The  subscripts  k,  r,  M, 
on,  np.,  and  hoh  designate,  respectively,  a  drop, -the  combustion 
zone,  metal,  oxidizer,  products  and  the  condensed  state. 


According  to  Pr*nk-KAnmn«»tjkty  [  27 ^  3  tlw  «xproaalcn  tor  flows 
of  metal  and  ox  1  diner  vapore*  under  the  condition  of  equality  of 
diffusion  ooeffloiontii  of  all  component*  in  each  region,  will  be 
written  in  the  form 
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(IV. 19) 
(IV, 20) 


lloat  content  of  the  oxidizer  Hch  ,  the  metal  vapors  and  of  the 
gaseous  reaction  product. u  I!  is  written  as 


w^tn-Wppd'o-t-^t^rj.  (iv.2i ) 

llK  O')  **■  If m  (,V  + 1  pm  'r  ’ '  7  u'‘ 

Equatl  ons  ( IV  .  .15 )- ( IV ,  20 )  are  integrated  under  t  he  following 
bounder,',  condi  tions : 


1.  On  the  boundary  of  the  particle  (r  «  rH  )T  "  TM,  the  partial 
pressure  of  the  metal  vapors  is  equal  to  the  pressure  of  saturated 
vapors  and  la  a  known  function  of  T^,  the  partial  pressure  on  the 
products  equals  zero,  P  =  0. 

2.  In  the  zone  of  combustion  when  r  *  rp  T  »  Tf. ,  *  Pqh  a 

«  0 . 


3.  In  the  ambient  medium  when  r  «  ®  T  =  T  ’  q  *  pnp  "  °> 

p  m  P  m  oo , 

OH  OH 

After  integration  with  consideration  of  simplifying  assumptions 
for  the  fl-'w  of  oxidizer  and  metal  we  will  have 
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(IV. 22) 
..  (IV, 23) 


Subsequently,  from  equations  (IV. 16)  and  (IV. 17)  the  author 
obtains  an  expression  for  determining  the  degree  of  evaporation 


of  reaction  products,  a,  or  the  .temperature  In  the  zone  of 


combustion: 
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where 
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and  from  (IV. 20)  and  the  expression  for  we  obtain 
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(IV. 25) 


The  equation  is  solved  in  the  following  sequence.  It  is 


assumed  that  a  =  0.  If  the  found  Tr  does  not  exceed  the  boiling 


temperature  of  the  oxide,  Tnp  ,  the  calculation  is  terminated. 


m 


k  h  n  • 

If  Tr  >  Tnp  ,  the  temperature  in  the  combustion  zone  is  con¬ 
sidered  to  equal  the  boiling  temperature  of  the  oxide  and  the 
fraction  of  evaporating  oxide,  a,  is  found. 

The  product  e(_rr  is  regarded  as  a  parameter. 

From  equations  (IV. 24)  and  (IV. 25)  it  follows  that  for  fine 
particles  a  differs  from  zero;  with  a  growth  in  particle  diameter 
the  magnitude  of  a  is  reduced* 

Consideration  of  the  thermal  flux  imparted  to  a  particle  by 
vapor-phase  oxide  of  the  metal  diffusing  to  its  surface  is  accom¬ 
plished,  as  was  noted,  by  introduction  of  the  effective  combustion 
temperature  into  the  consideration  -  the  temperature  taken  on 

by  the  combustion  products  if  they  remain  in  the  condensed  phase 
(rp34><P  >  The  effective  combustion  temperature  Is  found  from 

equation  (IV. 2^),  by  artificially  substituting  the  fraction  of 
vapor  phase  oxide  a  -  0  Into  the  left  side  of  the  equation.  This 
approach  was  carried  over  to  the  problem  of  combustion  of  metals 
from  methods  of  calculating  thermal  flux  from  a  dissociated  gas 
to  a  cold  wall  [2753- 

As  a  result  the  equation  for  calculating  T^3^  is  brought  to 
the  form 
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(IV. 26) 


After  Tr  is  found  by  Integration  of  equation  (IV. 16)  for  the 
thermal  balance  in  zone  AB,  an  expression  is  found  for  determining 


the  flow  of  vapors  of  the  metal: 


a" 


/.i 


1  _  —  Cl>  M 


In 


Cf' 

V/i 


(IV. 27) 
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where  -  HM(TM)  -  H„oh  is  the  latent  heat  of  evaporation  of  the 
metal  at  its  boiling  temperature. 

Then  from  this  equation  and  equation  (IV. 19),  applying  the 
condition  of  stoichiometric  flows  (IV. 18),  the  calculation  of  the 
ratio  of  the  radius  of  the  combustion  zone  rp  to  the  radius  of  the 
particle  r  is  carried  out  with  a  combustion  zone  temperature  equal 
to  T^:  " 
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(IV. 28) 


By  substitution  of  rr/'rH  into  (IV. 20)  the  final  equation  for 
the  flow  of  metal  is  obtained  in  the  form 

(IV.  29) 


where 
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The  time  t  of  combustion  of  the  particle  is  found  from  the 
condition  of  equality  of  the  flow  of  metal  in  vapor  form  by  the 
change  in  the  weight  of  the  particle: 


o  d\ 


or,  with  consideration  of  (IV. 30),  after  integration, 


And,  finally,  simultaneous  solution  of  equations  (IV.23)-(IV.27) 
gives  the  expression  for  calculating  the  temperature  of  a  drop  of 
metal,  TM: 
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•' '(IV. 32) 


The  system  of  equations  was  solved  by  the  method  of  successive 
approximations.  Owing  to  the  absence  of  precise  data  on  transfer 
coefficients  for  vaporized  metals  and  oxides  at  high  temperatures 
the  diffusion  coefficients  and  the  thermal  conductivity  were  cal¬ 
culated  according  to  data  from  work  [277].  Reaction  constants  for 
molecules  of  metals  and  their  oxides  were  determined  from  boiling 
temperature  and  the  parameters  of  the  crystal  lattice.  The  reac¬ 
tion  potential  for  the  molecules  is  determined  by  the  Lennard-Jones 
potential. 


The  values  accepted  for  the  coefficients  in  a  medium  of  air 
and  in  an  oxygen-nitrogen  mixture  at  P  ■  1  atm  and  1200°K  are 
given  below: 

Magnesium  Aluminum 

X1,  keal/m*s-deg  27.7*10‘6  26.7-10’6 

kcal/m-s*deg  32.i4*l0~6  29.2*10~6 

*  2  -H  -h 

B2,  m  /s  7.35*10  H  6.2*10 

The  degree  of  blackness  was  taken  as  equal  to  *  0.2;  cr  : 

*  0.5. 


The  calculation  proposed  by  Klyachko  for  parameters  of  combus¬ 
tion  of  particles  of  metals  with  consideration  of  partial  diffusion 
of  vaporized  combustion  products  to  the  surface  of  the  metal  with 
respect  to  the  nature  of  the  basic  relationships  corresponds  more 
exactly  to  the  experimental  results  (Figs.  95  and  96). 

An  essential  distinction  of  the  theory  which  takes  into  account 
the  process  of  c vaporation  of  the  metal  oxide  in  the  reaction  zone 
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Fig.  95. 
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Fig.  96. 
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Fig.  95.  Relative  time  of  combustion  for  an  aluminum 
2 

particle,  t  /d„  as  a  function  of  m  .  Solid  line  - 
*  r  0  oh 


calculation  (T  =  2500°K);  points  -  experiment. 


Fig.  96.  Ratio  of  the  combustion  time  for  magnesium 
particles  in  an  O^-Nj  rnediurn  to  time  xr.Q  21  in  air 

as  a  function  of  02  content.  O-  experiment;  1,  2,  3  - 

calculated  relationships  with  consideration  of  evapora¬ 
tion  of  the  oxide  for  d  -•  50,  100  and  500  um;  -  cal¬ 
culated  relationship  without  consideration  of  oxide 
evaporation. 


and  of  its  diffusion  Is  the  possibility  of  calculating  the  time 
parameters  of  combustion  of  finely  dispersed  metallic  particles 
in  pure  oxygen.  In  the  opposite  case  the  calculation  leads  to  a 
clear  contradiction  with  experiment:  the  caiculated  time  of 
combustion  turns  out  to  be  equal  to  aero. 


However,  the  analysis  proposed  by  Klyachko  contains  absolutely 
no  discussion  of  the  question  on  the  nature  and  future  fate  of 
the  vaporized  oxide  condensing  on  the  surface  of  the  particle. 

If  we  assume  that  condensation  occurs  uniformly  over  the  entire 
surface,  in  the  course  of  time  the  aluminum  particle  turns  out  to 
be  enclosed  in  a  shell  of  molten  oxide.  The  rate  of  particle 
evaporation  will  gradually  be  slowed  and  the  model  of  vapor-phase 
combustion  is  actually  converted  into  a  model  of  "bubble"  combus¬ 
tion  C  26 1 ] . 
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;V'>  ^he  question  of  the  real  fraction  of  metal  oxide  and  of  the 
possibility  of  its  condensation  directly  in  the  zone  AB  also 
remains  open. 
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In  an  analogous  statement  [272],  i.e.,  with  consideration  of 
evaporation  of  ,the  metal  oxide  in  the  flame  front  and  its  partial 
diffusion  in  the  direction  of  the  particle  surface,  Kuehl  and 
Zwillenberg  examined  the  problem  of  combustion  of  particles  of 

metal  in  the  vapor  phase.  It-  is  postulated  despite  its  two-way 

\ 

diffusion  from  the  reaction  zone  B  the  ..total  quantity  a  of  evap¬ 
orating  or  dissociating  oxide  remains  the  same  as  during  the 
soltuion  which  .takes  into  account  directivity  of  the  flow  of 
reaction  products  into  the  ambient  medium,  BC. 

It  is  further  considered  that  vaporized  oxide  which  reaches 
the  surface  of  the  particle  is  completely  condensed.  Its  quantity 
ak  stands  dependent  on  the  total  evaporation  of  oxide  in  the  flame 
front,  a  (quite  naturally),  and  on  the  ratio  between  the  dimensions 
of  the  combustion  zone  and  particle  radius,  Rg/F^ .  No  condensation 
of  the  oxide  occurs  in  region  AB  -  i.e.,  between  the  flame  front 
and  the  particle. 


The  relationship  between  the  flow  of  evaporated  metal, 
in  the  presence  of  reverse  diffusion  of  the  oxide  to  the  particle 
and  the  flow  without  reverse  diffusion  is  given  b"  the 
expression 
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where  ^  is  the  heat,  of  condensation  of  the  oxide  and  HM 
heat  of  evaporation  of  the  metal.  After  conversion  it  is  found 
that 
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The  condition  for  existence  of  a  solution  follows  from  this 
expression: 
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With  the  numerical  values  of  parameters  entering  into  inequality 
(IV. 3*0  the  maximum  quantity  of  oxide  which  reaches  the  surface 
of  the  particle  will  not  exceed  ak  *  0.125  (v  =  2.67,  vM  ■  1.33; 

ii  nu  i’i 

=  2.8*10">  cal/mole,  H^Hn  =  7.0-*10^  cal/mole). 


In  final  form  the  problem  is  reduced  to  solution  of  the  follow¬ 
ing  equation  by  the  method  of  successive  approximations: 


/(a.  k,  nniitA)  ~o. 


(IV. 35) 


Calculation  of  particle  combustion  time  Is  carried  out  by  the 
formula 
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under  the  assumption  that  ak  and  t^/r  are  constants  (here  A  *  3/^ 
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Quantitative  calculation  was  carried  out  for  two  metals  which 
show  promise  and  in;  rest  in  a  practical  respect:  aluminum  and 
beryllium.  The  authors  considered  the  problem  cf  the  influence 
of  reverse  oxide  diffusion  on  flame  temperature,  particle  tempera¬ 
ture,  the  ratio  Rg/RA,  and  the  rate  and  time  of  combustion  of 
particles  1-1000  pm  in  diameter  in  the  pressure  interval  0.01- 
100  atm.  Oxygen  was  selected  as  the  major  oxidizer;  the  inert 
diluent  was  argon. 


The  following  points  can  be  noted  from  the  results  of  this 
work:  the  minimum  concentration  of  oxidizer  X  at  which  self- 
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sustaining  combustion  of  aluminum  and  beryllium  is  still  possible 
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does  not  depend  in  practice  on  the  dimension  of  the  particles  (with 
the  exception  of  the  very  largest  -  larger  than  300-500  ym)  or 
on  pressure.  On  the  otner  hand,  the  critical  oxygen  concentration 
XQ^  at  which  the  temperature  in  the  reaction  zone  still  equals 

the  boiling  point  of  the  metal  oxide  is  a  3trong  function  of 
pressure  and  particle  size  (Pig.  97).  Prom  Fig.  57  it  clearly 
follows  that  according  to  the  proposed  theory  the  process  of  vapor 
phase  combustion  is  most  probable  for  fine  particles  of  mocal  at 
low  pressures.  With  an  increase  in  pressure  and  in  particle  size 
the  quantity  X'  grows  sharply.  With  XMuu  <  X  <  X'  a  process  of 
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accumulation  of  condensed  oxide  occurs  in  the  flame  zone.  The 
particle  is  covered  with  an  oxide  film,  The  rate  of  diffusion  and 
after  it,  the  rate  of  combustion  are  reduced  and  in  the  end  the 
particle  is  quenched . 


Fig.  97. 
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Pig.  97.  Minimum  concentration  of  oxygen  at  which 
the  flame  temperature  tB  equals  the  boiling  temp¬ 
erature  of  aluminum  oxide  '2,  *0  and  of  beryllium 
oxide  (1,  3)  <Tn  »  300° K) .  1,  2  -  p  *  100;  3,  **  - 

-2  u 
p  »  10  atm. 

Pig.  98.  Combustion  time  for  Be  particles  in  a 
medium  of  xO^-Ar  with  consideration  of  reverse 

diffusion  of  the  oxide  to  the  surface  of  the  particle 
(p  -  10  atm,  T0  -  300°K).  1  -  x  -  10*;  -  x  -  liQ ; 

3  -  x  -  70;  k  -  x  -  100*. 
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It  also  follows  from  the  calculation  results  that,  other  condi¬ 
tions  being  equal,  combustion  in  the  vapor  phast  is  of  higher 
preference  for  aluminum  than  for  beryllium.  As  we  will  see  below, 
in  reality  this  corresponds  to  experimental  results. 

We  will  note  that  the  concentration  limit  of  vapor-phase  com¬ 
bustion  falls  below  that  given  by  the  theory,  which  does  not  take 
into  account  the  presence  of  a  flow  cf  oxide  to  the  particle. 

For  a  broad  range  of  particle  sizes  (1-100  pm)  in  an  oxygen- 

argon  mixture  the  combustion  of  aluminum  and  beryllium  obeys  a 
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quadratic  law:  t  =  d  .  The  size  of  the  particles  for  which  this 
law  is  fulfilled  is  reduced  with  an  increase  in  pressure  and  a 
reduction  in  oxygen  concentration  in  the  medium  (Fig.  9&).  In 
terms  c-f  absolute  value  the  combustion  rate  for  beryllium  and 
aluminum  will  grow  if  reverse  diffusion  of  the  oxide  to  the  particle 
is  considered  in  the  calculation.  There  is  a  simultaneous  growth 
in  the  ratio  of  the  radii  of  the  flame,  Rp  and  of  the  particle, 

Ra  -  i.e. ,  Rb/Ra  (Fig.  99) . 
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Fig.  99.  Ti-e  quantity  R^/RA  as  a  function  of 
oxygen  concentration  x09  (a). (d  »  50  pm,  p0  * 

■  0.1  atm)  and  as  a  function  of  pressure  (b) 

(d  *  260  pm,  0?-Ar  medium,  80/20)  during  com¬ 
bustion  of  aluminum:  1  -  without  reverse 
diffusion  of  the  oxide;  2  -  with  reverse  oxide 
diffusion . 

For  aluminum  (d  <  200  pr.O  in  an  80/20  oxygen-argon  medium  at 
a  pressure  less  than  atmospheric  the  ratio  Rj/R,  equal  n  h~‘,: 


(according  to  theory  without  consideration  of  diffusion  and  con¬ 
densation  of  the  oxide  on  the  particle  it  equals  1.5-1. 7,  in¬ 
dependently  of  pressure) .  With  an  Increase  in  pressure  the  indi¬ 
cated  quantity  drops  and  at  P  =  10  atm  it  is  almost  equal  to  ^1.75. 
It  should  be  noted  that  at  such  a  pressure  (and  particle  size)  the 
concentration  of  oxygen  in  the  medium  approaches  the  limiting  value 
XqHH  (Fig.  97),  corresponding  to  the  case  a  -  0.  Without  question 

the  course  of  the  change  in  with  pressure  which  is  considered 

here  corresponds  more  exactly  to  experimental  observations. 

According  to  calculation  the  temperature  of  the  surface  of  the 
aluminum  particle  at  P  >  1  atm  lies  substantially  above  the  melting 
temperature  of  Al^O^-  Therefore  the  oxide  which  condenses  on  the 
particle  surface  will  be  in  the  molten  state.  This  does  not  lead 
to  any  sharp  change  in  the  rate  of  combustion  up  to  the  finishing 
stage . 

At  a  pressure  P  >  10  atm  the  temperature  of  the  surface  of  a 
Be  particle  also  exceeds  the  melting  temperature  of  BeO,  ar.d 
therefore  the  process  of  beryllium  combustion  will  be  similar  to 
that  for  aluminum. 

Thus,  of  the  two  analytical  models  considered  the  model  of 
vapor-phase  combustion  more  completely  reflects  the  quantitative 
peculiarities  and  the  basic  laws  governing  combustion  of  particles 
of  metals  of  the  aluminum,  beryllium,  etc.  type.  This  relates 
first  of  all  to  theories  which  take  into  account  the  partial 
dissociation  of  the  oxide  which  forms  during  the  reaction  and  its 
diffusion  from  the  flame  zone,  not  only  into  the  ambient  medium 
but  also  in  the  direction  of  the  particle  surface.  These  theories 
make  it  possible,  within  reasonable  limits,  to  evaluate  the  rela¬ 
tionships  between  radii  of  the  flame  zone  and  the  particle,  the 
temperature  of  the  flame  and  that  of  the  particle  surface,  the 
overall  dependence  of  time  or  rate  of  combustion  on  particle 
diameter,  and  the  temperature  and  activity  of  the  medium  (when 
oxygen  is  the  major  oxidizer). 


However,  a  number  of  the  questions  and  physical  phenomena  which 
are  observed  during  the  combustion  of  aluminum  in  experiments  are 
not  explained  within  the  framework 'of  these  theories. 

Theories  of  vapor  phase  combustion  in  the  form  in  which  they 
have  been  developed  at  present  do  not  reflect  essential  differences 
between  the  combustion  of  particles  of  aluminum  in  "dry”  and 
’’moist”  atmospheres  (even  if  oxygen  is  the  major  oxidizer);  they 
do  not  reveal  the  causes  of  the  formation  of  hollow  spheres  and 
the  phenomenon  of  particle  rotation,  nor  do  they  explain  the  re¬ 
duction  in  t  with  an  Increase  in  pressure. 

'  The  effect  of  natural  and  forced  convection  is  not  taken  into 
account.  The  basic  reason  for  the  incomplete  state  of  existing 
theories  of  the  combustion  of  metal  particles  unquestionable  lies 
in  the  absence  at  present  of  exhaustive  and  fully  substantiated 
presentations  on  the  mechanism  of  combustion  in  various  media  and 
in  the  virtually  complete  absence  of  quantitative  data  on  the 
parameters  of  the  transfer  of  vaporized  metals  and  products  of 
their  reactions  under  the  conditions  and  at  the  temperature 
characteristic  for  the  flame. 

In  this  section  the  sum  total  of  experimental  factors  obtained 
by  various  methods  and  characteristic  for  combustion  of  particles 
and  thin  wires  of  aluminum  in  chemically  active  gaseous  media  are 
considered. 

On  the  b^cis  of  the  above  it  is  possible  to  present,  in  general 
outlines,  a  picture  of  the  basic  processes  of  steady-state  self- 
sustaining  combustion  of  particles  of  aluminum  in  a  high-tempera¬ 
ture  gaseous  medium. 

10.  The  Physical  Picture  of 
Combustion  of  Aluminum  Particles 

At  atmospheric  pressure  (p  ~  1  atm)  in  a  medium  of  air  or 
one  with  a  substantial  (^50%  and  greater)  concentration  of 


oxidizing  reagents  (oxygen,  water  vapor,  carbon  dioxide),  the 
combustion  of  aluminum  particles  occurs  mainly  in  the  gaseous 
phase  and  as  the  result  of  reaction  between  vapors  of  the  metal 
and  of  the  oxidizer.  The  process  is  bound  to  the  free  surface  of 
the  metal:  evaporation  and  diffusion  of  vapors  into  the  reaction 
zone  are  unlimited  by  their  passage  through  a  liquid  layer  of 
aluminum  oxide.  During  combustion  the  particle  is  in  the  molten 
state. 

Melting  and  evaporation  of  aluminum  occur  as  the  result  of 
heat  transfer  (heat  conductivity ,  _radiation,  etc.)  from  the 
reaction  zone.  At  atmospheric  pressure  the  zone  of  the  vapor- 
phase  reaction  is  separated  from  the  particle  surface  by  a 
distance  of  1-3  radii:  R0/RA  *  2 -4.  The  latter  quantity  is 
determined  by  the  state  and  temperature  of  the  ambient  medium. 

The  temperature  of  the  reaction  zone  is  limited  by  the  boiling 
temperature  of  the  oxide,  since  even  in  pure  oxygen  the  heat  of 
the  oxidation  reaction  is  less  than  the  heat  required  for  total 
dissociation  or  evaporation  of  the  condensed  products  (A^C^) 
which  form  at  T  .  Since  their  concentration  here  is  maximum, 
the  products  diffuse  from  the  reaction  zone  both  in  the  direction 
of  the  particle  surface  and  outward  from  it.  Thus  the  possibility 
of  diffusion  to  the  particle  surface  of  condensed  products  is  not 
excluded.  As  was  pointed  out  earlier,  in  order  of  magnitude  the  • 
size  of  particles  of  subdispersed  Al«0o  is  comparable  with  the 
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average  size  of  the  molecules  of  ordinary  gases  ('VIO-  cm). 

A  constant  flow  of  vaporized  oxidation  products  in  the  direction 
of  the  particle  is  possible  in  the  case  when  a  certain  and  also 
constant  mechanism  of  absorption  or  removal  is  present.  Condensa¬ 
tion  in  the  space  between  the  burning  zone  and  the  particle  and 
on  the  surface  of  the  particle  can  be  3uch  a  mechanism.  In  the 
region  of  the  particle  surface  there  is  a  gradual  drop  in  tempera¬ 
ture  down  to  the  boiling  temperature  of  aluminum. 

Condensation  and  cooling  of  Al^O^  to  the  temperature  of  the 
metal  surface  is  a  third  additional  method  of  heat  transfer  to 


the  particle,  leading  to  a  growth  in  the  temperature  of  the  drop 
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and  to  an  increase  in  the  rate  of  aluminum  evaporation. 

..  Expansion  of  the  combustion  zone,  predicted  qualitatively  by 
the  theories,  is  the  result  of  the  existence  of  a  reverse  flow  of 
reaction  products  and  of  their  condensation. 

Since  it  is  poorly  soluble  in  the  metal,  the  condensed  aluminum 
oxide  can  either  coagulate  into  -larger  particles  or  enter  into 
reaction  with  the  aluminum.  In  the  first  case  we  obtain  a  picture 
which  is  essentially  similar  to  that  observed  during  combustion 
of  a  large  drop  of  aluminum  ("aluminum  sun")  [1^5]:  formation  of 
fine  spheres  of  oxide  on  the  metal  surface,  which  skate  about  on 
the  surface  and  unite  with  spheres  which  developed  earlier. 

If  combustion  occurs  on  a  substrate,  used  to  stabilize  the 
particles  in  the  field  of  view,  we  find  that  because  of  the  com¬ 
paratively  low  temperature  as  compared  with  that  of  the  flame 
zone  condensed  A^O^  gradually  accumulates  on  the  particles.  As 
a  result  a  particle  is  formed  which  is  comparable  in  size  with 
the  initial  particle  (see  Pig.  67).  The  same  thing  apparently 
takes  place  during  sampling  of  particles  onto  object  glasses. 

During  combustion  of  aluminum  in  the  suspended  state  the 
gradual  accumulation  and  coagulation  of  the  oxide  on  the  paicicie 
surface  leads  to  a  situation  in  which  at  some  critical  dimension 
the  force  of  gravity  and  of  the  outflow  of  vaporized  aluminum 
causes  separation  of  a  drop  of  oxide  from  the  surface  of  the 
particle.  This  phenomenon  can  be  partially  explained  by  the 
presence  of  solid  white  spheres  10-15  ym  in  diameter  among  the 
products  of  aluminum  combustion  (see  Pig.  66).  But  we  cannot 
completely  exclude  the  possibility  of  direct  interaction  of  the 
oxide  with  the  metal. 

In  work  [277]  it  was  established  that  at  1900°C  a  mixture  of 
A1  +  A150-  (] 5-um  sample)  can  evaporate  completely  from  the 


tuirfusa  of  Mit*  heat  «d  element.  U  in  anown  tdmt,  thm  volatility  of 
Al^O^  1«  lvun'»nbi»«1  by  approximately  f  t *  lura  of  magnitude  In  the 
proaenoe  of  aluminum.  iUno«  th«  t.ompei aturu  of  th»  partial*  eur- 
face  ta  about  200u‘-i',  it  in  psaaon.  bl*  to  d&aignatfr  the  actual 
reaction  by  the  equation 
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The  reaction  products  -  gaauoun  lower  oxides  of  aluminum  - 
ran  auhnequent 1 y  diffuse  hook  into  the  reaction  cone  and  there 
once  a^ain  undergo  oxidation  up  to  the  final  product  AljCU.  It 
is  appropriate  to  note  here  that  the  presence  of  lower  oxidon  of 
aluminum  in  the  reaction  zone  wan  detected  by  spectral  analysis.* 

In  such  e  variant  the  combustion  of  aluminum  particles  resembles 
the  combustion  of  particles  of  carbon  [?7S.|. 

Moth  versions  of  the  removal  of  oxide  from  the  particle  surface 
are  acceptable.  The.lr  simultaneous  existence  is  not  contradictory, 
but  they  rather  supplement  one  another. 

The  process  of  diffusion  of  the  oxides  back  to  the  particle 
and  their  condensation  on  It  is  also  u  reasonable  explanation  of 
such  phenomena,  specific  to  the  combustion  of  metal  particles, 
as  rotation  and  fragmentation  of  the  particles. 

Asymmetry  .to  the  accumulation  of  oxide  causes  the  appearance 
of  force  components  connected  with  the  outflow  of  evaporating 
aluminum  -  forces  will  oh  do  not  pass  through  the  center  of  mass 
of  the  particle,  The  eccentricity  of  the  force  causes  the  particle 

‘This  doss  not  exclude  the  possibility  of  the  formation  of 
lower  oxides  of  aluminum  directly  within  the  reaction  zone. 


to  rotate.  Localization  of  molten  oxide  on  the  surface  of  the 
particles  requires  a  certain  amount  of  time.  Therefore  rotation 
does  not  set  in  at  the  moment  of  particle  ignition,  but  rather 
within  the  period  of  steady-state  combustion,  after  the  appearance 
of  a  fully  developed  flowing  track* 

Condensation  and  cooling  of  the  products  down  to  the  surface 
temperature  are  extremely  effective  additional  sources  of  heat 
transfer  to  the  particle.  If  tlie  heat  liberation  and  the  tempera¬ 
ture  of  combustion  in  the  reaction  zone  are  great  and  if  losses  of 
heat,  are  small  (for  example,  characteristic  for  metal-containing 
rocket  propellants  and  high-temperature  gas  burners  ( 2500-300°K) ) , 
dissociation  and  evaporation  of  the  reaction  products  and  a  flow 
of  them  In  the  direction  of  the  particle  and  condensation  on  its 
surface  can  reach  significant  magnitudes,  sufficient  to  cause 
heating  of  the  particle  above  the  boiling  point.  The  results  of 
such  heating  will  be  fragmentation  of  the  particle, 

Tlie  presence  of  impurities  of  more  volatile  metals  (e.g., 
magnesium)  in  the  aluminum  will  increase  the  vapor  tension  and 
the  probability  of  explosions  of  particles  during  combustion.  In 
this  case  there  is  a  direct  analogy  with  fragmentation  of  drops  of 
emulsion  of  the  reverse  type.  During  rapid  heating  of  a  drop  of 
oil,  containing  admixtures  of  water,  the  latter  explode  with 
characteristic  spattering  of  fine  drops  in  radial  directions. 

The  combustion  and  destruction  of  emulsions  of  the  reverse  u/pe 
was  studied  in  detail  by  N.  F.  Pokahil. 

It  Is  also  of  some  interest  to  note  that  during  burning  of 
finely  dispersed  carbon  containing  volatile  substances  it  is 
possible  to  observe  fragmentation  of  the  carbon  particles  and  the 
formation  of  hollow  spheres,  the  so-called  "senospheres" 3  [279, 

260] . 
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The  fact  that  the  fragmentation  phenomenon  occurs  in  a  high- 
temperature  flame  independently  of  the  presence  or  absence  of 
hydrogen  in  it  emphasizes  the  determining  role  of  temperature  in 
this  process.  However,  there  is  also  an  influence  . f  medium 
composition:  in  a  "wet”  atmosphere  fragmentatic-  of  particles  is 

observed  much  more  frequently  than  in  a  medium  .r.-.u,  .ining  no  water 
vapor  or  hydrogen. 

Finally,  the  latter  fact  can  be  interpreted  from  a  purely 
thermal  point  of  view.  According  to  experiments,  with  equality 
of  the  rates  of.  combustion  the  reaction  zone  has  more  sharply 
defined  boundaries  in  a  moist  atmosphere  and  is  located  about 
half  as  far  from  the  particle  surface  as  in  the  case  in  a  carbon 
monoxide  and  oxygen  flame.  This  proximity  of  the  high-temperature 
zone  intensifies  heat  transfer  (primarily  by  radiation)  to  the 
particle  and  thus  increases  the  probability  that  it  will  be  over¬ 
heated  and  fragmented.  It  is  also  possible  that  the  addition  to 
a  burner  flame  of  18-20%  hydrogen  will  simply  raise  the  flame 
temperature  to  the  necessary  critical  level.  But  the  above  must 
be  classed  as  an  assumption. 

At  the  same  time  the  presence  of  nitrogen  (^5%)  in  the  ambient 
medium  causes  destruction  of  hot  drops  of  zirconium,  while  carbon 
dioxide  favors  fragmentation  of  drops  of  iron  during  combustion 
[1^8,  28l].  These  facts  indicate  that  completely  defined  gases 
exist  for  hot  particles  of  certain  metals,  gases  which  in  small 
concentrations  will  lead  to  breakdown  of  the  steady-state  process 
of  particle  combustion.  Their  existence  close  to  the  particle 
Is  connected  either  with  the  initial  presence  in  the  medium  (for 
example,  nitrogen)  or  with  their  formation  in  the  reaction  zone 
during  oxidation  of  the  metal  (e.g..  water  vapor  or  carbon  dioxide!'. 

Diffusing  to  the  surface  of  the  particle,  the  gases  may  be 
partially  dissolved  in  the  metal  or  in  its  oxide.  If  the  solubility 
of  the  gases  changes  significantly  with  temperature  or  with  con¬ 
version  of  the  metal  and  oxide  from  one  phase  state  into  another, 
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a  small  change  in  particle  temperature  (e.g.,  possible  if  the 
particles  suddenly  leave  the  flame  jet)  will  be  accompanied  by 
intensified  gas  liberation.  As  a  result  we  can  expect  fragmen¬ 
tation  of  the  particle  or  expansion  of  hollow  spheres  ("bubbles"), 
as  occurs  during  combustion  of  particles  of  carbon  [279,  280]. 

When  aluminum  is  burned  under  standard  conditions  only  a  small 
part  of  the  oxide  can  dissociate  in  the  reaction  zone.  According 
to  calculations  within  the  framework  of  the  theory  of  vapor-phase 
combustion  (with  consideration  of  two-way  diffusion)  the  total 
quantity  of  them  will  not  exceed  30$  •  A  large  part  of  the  products 
exist  in  the  reaction  zone  in  the  condensed  form.  Their  diffusion 
into  the  surrounding  space  creates  a  glowing  zone  around  the 
particle  and  creates  a  characteristic  track  on  the  substrate, 
consisting  of  fine  subdispersed  particles.  A  part  of  these  will 
be  accumulated  into  larger  drops  close  to  the  zone  of  combustion. 
Agglomeration  is  favored  by  existence  of  flows  of  natural  and 
forced  convection  around  the  particle  of  metal.  The  latter  is 
especially  manifested  in  relief  during  combustion  in  a  moving 
medium.  High-speed  cinematography . makes  it  possible  to  fix  their 
intensive  displacement,  growth,  and  ejection  from  the  zone  of 
combustion.  Together  with  drops  which  leave  the  surface  of  the 
metal,  they  are  comprised  of  a  group  of  condensate  particles  of 
medium  diameter  (up  to  10-15  pm). 

The  agglomeration  and  coagulation  of  oxide  close  to  the  com¬ 
bustion  zone  are  expressed  more  sharply  in  a  moist  medium  than  in 
a  dry  one.  This  leads  to  sharpness  in  the  outlines  of  the  tracks. 
It  is  possible  to  assume  that  the  great  width  of  the  glow  zone  in 
a  dry  atmosphere  is  not  a  consequence  of  separation  of  the  reaction 
zone  from  the  particles  surface,  but  is  rati.er  explained,  by  the 
great  extent  of  the  zone  of  condensation  and  afterglow  of  finely- 
dispersed  condensed  products  in  the  direction  away  from  the 
particle.  In  reality  the  difference  between  the  radii  of  the 
reaction  zone  in  the  indicated  media  is  substantially  less  than 
that  determined  from  the  glow  or  from  the  width  of  the  tracks. 


One  of  the  basic  laws  governing  vapor- phase  combustion  is.' 
fulfilled  with  satisfactory  accuracy  for  aluminum  at  a  pressure 

j 

of  'u 1  atm:  the  time  of  combustion  of  the  particles  is  proportional 
to  the  square  of  their  diameter. 

However,  with  an  increase  in  pressure  an  essential  change  is  ■ 
observed  in  the  overall  picture  of  combustion.  The  rare’cf  burning 
of  the  particles  is  gradually  increased;  at  a  pressure  of  \J-30  atm 
combustion  time  Is  proportional  not  to  the  square  of  r-.' diameter , 
but  to  a  power  of  1.5  and  less  of  the  diameter.  The 

reaction  zone  draws  closer  to  the  surface  of  the  particle?.;  the 
ratio  of  the  radius  of  the  flame  to  the  particle  radius  at  ^0 
atm  comprises  1.5-1. 7. 

Such  a  change  in  the  laws  governing  combustion  of  individual 
aluminum  particles  can  be  the  result  of  a  gradual  transfer  of  the 
reaction  from  the  gas  phase  to  the  particle  surface  with  a  growth 
in  pressure  and  also  of  an  increase  in  the  role* of  convection  as 
pressure  increases. 

§  2.  Combustion  of  Beryllium 

Works  dealing  with  a  systematic  study  of  processes  of  beryllium 
combustion  have  only  begun  to  appear.  As  has  already  been  repeatedly 
emphasized,  the  reason  for  this  position  is  connected  with  the 
toxicity  of  finely  dispersed  beryllium  and  of  the  products  of  its 
oxidation. 

The  reaction  of  beryllium  with  oxygen  or  oxygen-containing 
compounds  of  the  H^O  and  CO^  type  has  a  clearly  expressed  exo¬ 
thermic  character. 

In  contrast  to  aluminum,  the  process  of  steady-state  self- 
sustaining  combustion  of  beryllium  is  preceded  by  self-heating  of 
the  particles  with  a  weak  but  clearly  distinguishable  glow  (Fig. 

100).  Combustion  of  the  particles  in  the  normal  conditions 
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'  obtaining  in  the  flame  of  a  flat 
by  a  bright s  intense  glow,  which 
oxygen  concentration. 


gas  burner  [25*1]  is  accompanied 
grows  with  an  increase  in  the 


Pig.  100.  Track  of  a  burning 
particle  of  beryllium  [25*1]. 


For  the  most  part  the  trajectories  of  the  particles  are  recti¬ 
linear  and  they  rarely  terminate  in  the  star-shaped  burst  charac¬ 
teristic  of  the  phenomenon  of  fragmentation. 

‘  At  low  pressures,  a  low  level  of  medium  activity,  and  high 
temperatures  the  burning  particles  form  straight  lines  and  sharply 
outlined  tracks  on  photographs.  A  high  oxygen  content,  high 
pressure,  and  low  temperatures  will,  on  the  ocher  hand,  favor  the 
appearance  of  blurred  wide  tracks  -  one  of  the  characteristic 
features  of  vapor-phase  combustion. 

In  a  dry  atmosphere  the  ratio  of  the  flame  zone  diameter  to 
the  diameter  of  the  particle  comprises  1.3-1.*1.  In  a  moist 
atmosphere  it  Is  less,  approximately  equal  to  1.1.  In  this  medium 
the  vapor-phase  flame  itself  Is  less  sharply  expressed.  If  the 
partial  pressure  of  oxygen  is  less  than  0.1-0. 2  atm  the  flame 
around  the  particle  loses  its  brightness  and  draws  closer  to  the 
surface  of  the  particle. 
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A  brighter  •core  is  seen  in  the  den  ter  of  the  track.  Its  size 
is  1C-20SS  greater  than  the  diameter  of  the  initial  particle  of 
beryllium. 

Just  as  in. the  case  of  aluminum  a  periodic  change  in  the 
intensity  of  the  glow  is,  as  a  rule,  observed  on  the  track. 

This  actually  indicates  asymmetry  of  the  combustion  process  and 
rotation  of  the  particle  during  its  movement  in  the  flow.  The 
frequency  of  rouation  comprises  10,000  Hz.  The  pulsations  of 
i'llumipation  arise  immediately  after  ignition  of  the  particle; 
their  termination  can  serve  as  a  criterion  for  completion  of  the 
combustion  process. 

The  size  and  shape  of  products  of  beryllium  combustion  depend 
on  the  temperature  of  the  ambient  medium.  If  the  temperature  of 
the  medium  exceeds  the  melting  point  of  beryllium  oxide  (2820°K) 
the  condensed  products  will  have  the  form  of  spheres  and  thfeir 
size  will  not  exceed  1  ym  in  diameter.  If  the  medium  temperature 
is  lower  than  the  melting  point  the  combustion  products  are  formed 
as  rod-shape  crystals  up  to  10  ym  long. 

Among  the  combustion  products  the  particles  of  oxide  can  be 
distinguished  by  their  dimensions,  equivalent  to  the  initial 
particles  of  the  metal.  This  occurs  most  frequently  at  the  moment 
of  forced  sampling  and  of  quenching  of  the  particles  on  a  heat- 
removing  plate  (Fig.  101).  Such  particles  (a  and  b)  can  contain 
(by  evaluation)  pp  to  60%  of  the  total  oxide  formed  during  combus¬ 
tion  of  a  beryllium  particle. 

There  are  no  specific  data  on  the  temperature  of  the  flame  of 
the  Be  particle.  As  in  the  case  of  aluminum,  the  boiling  tempera¬ 
ture  of  the  oxide  Is  the  upper  limit;  this  equals  4l00°K. 

In  works  [ 1 h 3 ,  276,  and  279]  it  is  postulated  that  beryllium 
oxide  is  formed  in  both  the  liquid  and  the  gaseous  phase  in  the 
reaction  zone. 
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Fig.  101.  Products  from  the  combustion  of 
beryllium  particles. 


Table  20  gives  the  average  di  neter  d  of  beryllium  particles, 

the  temperature  of  the  medium,  partial  pressure  of  oxygen  P_  and 

°2 

of  water  vapor  PH  Q  in  the  flame,  and  the  average  burning  time  rr 
of  the  particle. 


Table  20.  Burning  time  of  beryllium 
particles  [25^]. 
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From  the  table  it  follows  that  the  burning  time  for  beryllium 
particles  at  atmospheric  pressure  will,  in  the  general  case,  obey 

p 

a  quadratic  law:  xr  'u  d  ,  characteristic  for  a  spherically 
symmetrical  model  of  vapor-phase  combustion. 
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The  presence  or  absence  of  water  vapor  in  the  flame  has  an 
essential  influence  on  the  rate  of  burning  of  the  particle.  For 
example,  an  increase  of  water  vapor  in  the  flame  from  0.5  to  1.5% 
will  cause  a  3 0%  growth  in  the  time  required  for  combustion  of 
partic'  s  25  ym  in  diameter  (Table  20,  lines  5  and  6).  Since  the 
addition  of  such  small  quantities  of  water  cannot  change  the 
thermodynamic  properties  and  mass-transfer  properties  of  the 
medium,  the  indicated  change  can  be  ascribed  only  to  the  chemism 
of  the  reaction. 

Kuehl  [253],  during  experimental  examination  of  the  combustion 
of  fine  beryllium  wires  in  a  gaseous  medium,  notes  that  in  the 
presence  of  water  the  process  is  slower  than  in  pure  oxygen.  Study 
of  unreacted  or  partially  burned  wires  shows  that  in  the  presence 
of  water  vapor  a  coating  of  greater  volume  is  formed,  consisting  of 
the  lower  or  higher  hydroxide  of  Be.  Combustion  in  oxygen  is 
accompanied  by  the  formation  of  a  large  number  of  extremely  fine 
spherical  particles  of  the  oxide. 

For  purposes  of  comparison  combustion  times  are  given  below 
for  beryllium  and  aluminum  particles  of  equal  size  under  conditions 
as  similar  as  possible  (with  respect  to  oxygen  concentration  in 
the  flame)  [135,  2^6].  The  diameter  of  the  beryllium  particles 
equaled  32  ym;  by  moans  of  the  d^  law  the  data  on  aluminum  were 
brought  to  the  same  diameter.  The  medium  was  CO^,  CO,  with  a 
small  quantity  (0,5%)  of 
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In  view  of  the  paucity  of  inf orinat j..,n  on  combustion  of 
beryllium,  there  is  unquestionable  interest  in  data  on  such  com¬ 
bustion  for1  sped  me  nr-  other  than  particles.  Work  [1^3]  contains, 
along  with  a  study  of  high-temperature  oxidation  of  beryllium. 
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a  series  of  experiments  on  the  qualitative  consideration  of  the 
picture  of  combustion  of  cylindrical  specimens  (d  =  3  mm,  h  =  12  mm) 
of  beryllium  in  an  oxygen-hydrogen  medium.  Ignition  was  accomplished 
by  a  heat  flux  from  the  flame  of  a  burner. 

In  a  flame  rich  in  fuel  (Op/Hp  =  0.33)  no  vapor-phase  combus¬ 
tion  as  such  occurred  with  heating  of  the  specimen  up  to  the 
melting  point  of  beryllium.  It  appeared  that  the  reaction  in 
individual  burning  points  proceeds  inside  a  thick  porous  oxide 
layer  growing  up  on  the  surface  of  the  specimen.  Such  a  thick 
porous  layer  of  beryllium  oxide  cannot  serve  as  a  reliable  pro¬ 
tection  from  subsequent  oxidation.  However,  a  second  thinner, 
dark  layer  in  direct  contact  with  the  metal  was  detected  under  the 
first  layer  on  quenched  specimens ;  this  second  layer  will,  apparently, 
fulfill  a  basic  protective  function  under  ordinary  conditions 
In  a  flame  enriched  with  oxygen  (0?/Hp  =  0.99)  specimens  wewe 
Ignited  (If  the  initial  flux  of  heat  was  not  too  low)  and  burned 
with  the  formation  of  a  hot  diffusion  flame. 

The  transition  from  the  fast  react j oris occurring  on  the  surface 

of  the  specimen  (or  close  to  It)  to  a  vapor-phase  diffusion  flame 

located  at  a  certain  distance  from  the  specimen  was  accomplished 

-2 

at  a  surface  temperature  above  2?00°K  in  less  than  10  seconds. 
During  vapor-phase  combustion  a  sign! fluent  portion  of  the  specimen 
was  transformed  into  a  finely  dispersed  condensate,  while  the 
remaining  portion  lost;  the  Initial  cylindrical  shape. 

It  was  noted  chat  In  a  flame  in  which  water  vapor  was  the  single 
active  reagent  the  beryllium  specimen  was  sometimes  not  heated  to 
the  temperature  above  2000°C  which  1 : ■  necessary  for  the  development 
of  vapor-phase  combustion.  However,  the  reaction  of  beryllium 
oxidation,  occurred  very  actively.  The  process  of  beryllium  oxida¬ 
tion  by  water  vapor  Is  accompanied  by  the  liberation  of  hydrogen: 
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Experiments  in  burning  cylindrical  specimens  of  Be  confirm  the 
special  and  unique  role  of  water  vapor  as  a  reagent  in  the  oxida¬ 
tion  and  combustion  of  beryllium. 

The  sum  total  of  available  data  on  combustion  of  beryllium 
in  an  active  medium  indicates  that  this  process  can  occur  at 
different  levels.  One  mode  of  combustion  can  be  vapor-phase 
combustion,  analogous  to  the  burning  of  aluminum  particles.  Its 
appearance  is  favored  by  high • temperature  of  the  medium,  a  high 
concentration  of  oxygen  in  the  medium,  and  a  low  content  of  moisture 
A  determining  factor  is  diffusion  of  the  oxidizer  Into  the  reaction 
zone,  which  is  located  some  0.1-0. 3  radii  from  the  surface  of  the 
particle.  The  combustion  products  can  diffuse  from  the  reaction 
zone  both  inward,  in  the  direction  to  the  particle  surface,  and 
also  outward.  Since  the  temperature  of  the  particle  surface  is, 
although  close,  loss  than  the  melt. ng  temperature  of  the  oxide, 
condensation  of  the  oxide  on  the  surface  is  possible.  This  possi¬ 
bility  is  confirmed  by  the  observed  periodicity  of  the  change  in 
the  light  radiation  from  the  burning  particle,  occurring  as  a 
result  of  disturbance  of  the  symmetrical  combustion  front  and  the 
appearance  of  large  spherical  condensed  drops  of  oxide  in  the  com¬ 
bustion  products  after  extinguishing  of  the  particles ;  this  is  the 
same  as  in  the  case  of  aluminum. 


In  this  version  the  theory  of  vapor-pha.se  combustion  with 
reverse  condensation  of  the  reaction  products  [?’]?,  21  n .)  is  appli¬ 
cable  to  the  combustion  of  bervlllurn.  Calculated  values  of  flame 
temperature  ,  particle  temperature  ,  the  fraction  of  oxide 
diffusing  to  the  particle  surface,  the  ratio  of  radii  of  the  flarm- 
zone  and  the  particle  R./H.,  and  of  i  for  a  drop  of  beryllium  !>n 
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pm  In  diameter  burning  i  r.  an  argon-oxygen  mixture  at  V()  "  K 


and  atmospheric  pressure  are  presented  on 
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A  second  possible  version  of  beryllium  combustion  is  "burning’* 
the  metal  in  a  medium  with  low  {0.1-0. 2  atm)  oxygen  content.  In 
essence  this  is  the  reaction  of  surface  oxidation  o.'  the  metal, 
occurring  on  individual  local  burning  segments  of  the  surface  at 
a  very  high  rate. 

According  tc  results  from  experiments  with  cylindrical  sped- 
mens  [283],  one  condition  for  transition  from  surface  oxidation 
to  vapor-phase  combustion  is  achievement  of  a  temperature  higher 
than  2200°K  on  the  surface  of  combustion.  It  is  postulated  that 
at  this  temperature  the  rate  of  heat  liberation  resulting  from 
the  reaction  of  surface  oxidation  of  Be  becomes  adequate  to, ensure 
conditions  for  evaporation  of  the  metal  and  transition  to  vapor- 
phase  combustion.  The  melting  point  of  beryllium  oxide  is  the 
temperature  at  which  the  second,  dense  subsurface  layer  of  oxide 
loses  its  protective  properties. 

The  combustion  of  beryllium  in  a  high-temperature  flame  con¬ 
taining  water  vapor  is  a  unique  phenomenon. 

It  was  indicated  above  that  the  presence  of  even  small  quan¬ 
tities  of  1^0  in  the  flame  sharply  reduces  the  rate  of  beryllium 
combustion  or  even  terminates  it  altogether.  The  explanation 
should  be  sought,  apparently,  in  the  fact  that  in  the  preflame 
period  a  thick  layer  of  oxide  or  hydroxide  Is  formed  on  the 
particle  as  the  result  of  the  oxidation  reaction,  and  this  layer 
reduces  the  rate  of  oxidation  and  increases  outward  heat  losses. 

In  addition,  in  this  case  hydrogen  is  liberated  during  the 
reaction;  at  a  high  temperature  hydrogen  will  for  practical 
purposes  not  react  with  beryllium  and  creates  an  additional 
diffusion  barrier  In  tne  path  of  the  oxidizer. 

If  the  concentration  of  water  vapor  in  the  medium  Is  great 
vapor-phase  combustion  will  not  develop  at  all.  In  an  oxygen- 
containing  medium  hydrogen  has  the  possibility  of  secondary 


oxidation  to  ti^O.  It  should  be  noted  that  the  role  of  hydrogen  and 
of  water  vapor  has  not  been  reflected  in  theoretical  works. 

S  3-  Combustion  of  Boron 

The  first  information  on  combustion  of  elemental  boron  in 
oxygen  was  apparently  obtained  by  Talley  C 1 4 4 ]  in  his  experiments 
with  rods  (d  *  1  mm).  The  linear  velocity  of  flame  propagation 
was  measured  during  combustion  of  a  rod  from  the  face  In  a  flow 
of  oxygen  at  2500°K.  In  these  experiments  it  was  established 
that  boron  remains  solid  during  combustion,  except  for  the  case 
of  extremely  high  temperatures.  A  thick  viscous  oxide  is  formed 
on  the  surface  of  the  rod  and  is  retained  In  a  broad  range  cf 
temperatures . 

In  the  flame  of  natural  gas  enriched  with  oxygen  and  having  a 
temperature  of  l800°K  boron  burns  "relatively  slowly."  .With  an 
Increase  in  temperature  to  1800-2100°K  the  rate  grows  smoothly 
to  a  value  of  1  cm/min.  This  is  the  normal  steady-state  rate  of 
self-sustaining  combustion  of  elemental  boron  under  the  given 
conditions.  In  this  case  the  reaction  rate  is  virtually  indepen¬ 
dent  cf  pressure.  A  further  rise  in  temperature  to  2^80°K  leads 
to  melting  of  the  er.d  of  the  boron  rod. 

It  should  be  noted  that  such  phenomena  as  fragmentation  or 
crushing,  characteristic  for  combustion  of  metal  particles,  are 
absent  in  the  case  of  combustion  of  metallic  rods. 

A  study  of  the  combustion  of  particles  of  crystal  boron  on  a 
Jet  of  hot  gas  was  undertaken  by  Gurevich  et  al.  [255] •  A  mixture 
of  water  vapor  or  oxygen  with  nitrogen  an^  argon  was  used  as  the 
oxidizing  medium.  The  flow  rate  equaled  10-20  m/s  and  the  pressure 
was  1  atm.  An  arc  plasma  burner  was  used  to  obtain  the  Jet  of 
hot  gas.  The  experiments  were  carried  out  with  powdered  particles 
obtained  by  grinding  large  crystals  of  99. 99*  boron. 
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Results  of  cinephotography  established  the  fact  that  the  shape 
of  the  track  will,  as  a  rule,  be  curved  (Fig.  102a).  The  initial 
width  of  the  track  Is  close  to  the  dianeter  of  the  Initial  boron 
particle  and  is  a  clearly  defined  thin  line.  As  combustion 
develops  the  track  is  gradually  thickened,  with  simultaneous 
blurring  of  the  boundaries.  A  brighter  central  portion  is  seen  in 
the  middle  part  of  the  track.  During  combustio  .  in  water  vapor 
the  thickening  track  sometimes  terminates  in  a  star-shaped  peak, 
characteristic  of  fragmentation  of  particles  (Fig.  102b).  Tracks 
with  virtually  unchanging  width  were  observed  along  with  tracks 
of  the  first  type. 


Fig.  102.  Tracks  of  burning 
particles  of  boron  (p  =  1  atm) 
[255]. 


Selection  of  samples  of  burling  particles  and  their  combustion 
products  on  gla;s  plates  shewed  that  incompletely  burned  particles 
are  spherical  drops  of  nrtalic  boron  with  diameters  2-20  times 
smaller  than  those  of  the  initial  particles.  No  traces  of  oxide 
were  found  on  the  drops  of  boron. 
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If  combustion  occurred  in  an  atmosphere  of  water  vapor  no 
condensed  combustion  products  were  detected  in  the  section  corre¬ 
sponding  to  termination  of  combustion  of  the  boron  particles.  In 
an  oxygen-containing  medium  the  combustion  products  consisted  of 
melted  transparent  particles  of  oxide  whose  size  is  both  comparable 
in  order  of  magnitude  to  the  original  and  "very  much  smaller." 
Agglomerates  10-20  pm  in  size  are  noted. 

According  to  the  observations,  the  boron  particle  remains  in 
the  liquid  state  for  a  substantial  portion  of  the  combustion  time. 

A  particle  of  crystalline  boron  1-3  pm  in  size  placed  in  a  flow  of 
gas  (20?  H20  +  80 %  Ar)  at  1700°C  was  heated  up  to  a  bright  glow, 
melted,  and  took  on  a  form  close  to  spherical  within  3-**  seconds. 
The  time  required  for  combustion  of  individual  particles  of  boron, 
determined  during  combustion  in  a  mixture  of  water  vapor  and  argon, 
is  given  below  [255]: 
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In  the  course  of  the  combustion  process  the  temperature  of  the 
medium  was  varied  from  2100°C  to  800-1000°C.  It  was  assumed  that 
combustion  time  is  essentially  independent  of  medium  temperature. 

According  to  the  measurement  results,  the  dependence  of  cora- 
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bustlon  time  on  particle  diameter  is  weakly  quadratic:  Tp  *v  d  ’ J. 
At  the  same  time  Tp  is  a  very  strong  function  of  the  concencration 
of  the  oxidizer  -  water  vapor. 

Since  the  shape  of  particles  used  for  quantitative  evaluation 
of  combustion  time  differed  essentially  from  spherical,  the  given 


results  can  be  considered  more  or  less  as  preliminary. 

Ma3ek  et  al.  [256]  studied  the  combustion  of  single  particles 
of  pure  crystalline  boron  in  a  high-temperature  gas-burner  flame 
of  known  composition  (p  ■  1  atm;  see  page  58).  It  is  noted  that 
the  trajectory  of  burning  particles  of  boron  consists  of  a  central, 
brightly  glowing  core  surrounded  by  a  wide  and  ill-defined  region 
with  a  greenish  color.  The  size  of  this  region  Is  increased  with 
an  Increase  in  temperature  cf  the  medium,  A  two-stage  nature  of 
the  process  Is  a  characteristic  feature  of  combustion  of  boron 
particles  under  the  considered  conditions.  Immediately  after 
ignition  the  particle  burns  very  brightly  for  comparatively  short 
period  of  time.  Then  a  tendency  toward  attenuation  is  noted,  but 
the  particle  does  not  go  out.  After  a  short  time  the  brightness 
of  the  particle  grows  once  again  and  remains  virtually  unchanged 
up  to  termination  of  combustion.  The  second  stage  is  of  longer 
duration  than  the  first. 

The  two-stage  process  of  combustion  of  boron  particles  is 
reflected  especially  sharply  In  a  medium  with  an  increased  con¬ 
centration  of  oxygen;  a  region  with  an  absence  of  glow  exists 
on  the  track  between  stages.  If  the  concentration  of  oxygen  is 
reduced  the  transition  from  the  first  stage  to  the  second  Is  grad- 
ally  smoothed;  the  beginning  of  the  second  stage  of  combustion 
Is  determined  by  a  sudden  increase  In  the  glow.  It.  was  established 
by  a  special  check  that  the  observed  effect  cannot  be.  the  result 
of  the  presence  of  impurities  in  the  boron. 

c 

Spectroscopic  studies  in  the  wavelength  range  3500-6500  A  and 
on  the  first  and  second  stages  of  combustion  reveal  systems  of 
bands  which  are  absolutely  identical  both  in  structure  and 
in  brightness.  The  authors  determined  the  combustion  time  of 
boron  particles  in  the  media  whose  composition  and  temperature 
are  given  In  Table  17. 

Measurements  were  made  cf  time  counted  off  from  the  moment 
of  ignition  of  the  particle  up  to  the  beginning  of  the  second 


stage  of  combustion  and  also  of  time  of  the  second  and  concluding 
3tage  of  combustion  for  particles  3^.5  and  UH .2  yrn  in  diameter. 

Table  21  presents  values  of  and  Tr  "  +  Tg  obtained  by 

averaging  a  series  of  measurements  cf  combustion  time  for  indi¬ 
vidual  boron  particles. 

Thi  data  in  Table  21  indicate  that  the  rate  of  combustion  of 
boron  particles  is  increased  somewhat  with  a  growth  in  the  temper¬ 
ature  cf  the  medium. 


Table  21.  Combustion  time  for  boron  particles 
[256]. 


Composi¬ 
tion  No. 

|  ym 

I  <7  »-•  li.u  U  m 

*1 

xr 

1 

4,4 

16,0 

21,0 

5,5 

20,1 

25,6 

2 

4,8 

15.7 

20.5 

3,7 

18,9 

21,6 

3 

3.4 

7,8 

11,2 

5,0 

13,8 

18,8 

4 

5,0 

17,3 

22,3 

_ 

_  I 

, _ 

i 

4,0 

11,2 

15,2 

7,2 

_ 

0 

3.5 

10,5 

14,0 

5,8 

— 

7 

3,8 

10, s 

11.0 

6,1 

c— 

_ 

8 

1  2,8 

7,0 

0,0 

5,0 

— 

_ 

V 

— 

— 

38,7 

_ _ 

_ 

_  _ 

10 

3,6 

10,3 

13.0 

(7,4) 

16,2 

(23.0) 

11 

2.1 

7,7 

9,8 

— 

— 

Prom  comparison  of  compositions  2,  9,  10,  11,  which  have 
virtually  identical  temperature  but  which  differ  in  oxygen  con¬ 
centration,  it  is  evident  that  the  rate  of  combustion  is,  with 
adequate  accuracy,  directly  proportional  to  the  molar  fraction 
of  free  oxygen  in  the  medium  (Fig.  103). 

Ihe  presence  of  water  increases  the  rate  of  burning  of  the 
particles.  This  effect  maybe  connected  with  participation  of 
H^O  in  the  reaction  of  boron  oxidation.  If  we  consider  that  a 
mole  of  H^O  is  equivalent  to  0.5  mole  0^  in  reaction  with  boron, 
then  with  particles  of  the  same  size  compositions  6  and  7  will 
give  one  and  the  same  combustion  tim:;  as  compositions  containing 
no  •■’iter  vapor. 
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The  following  formula  is  proposed  for  calculation  of  combustion 
time  under  the  assumption  that  the  process  is  determined  by  diffu¬ 
sion  of  the  oxidizer  to  the  particle: 


T 


(f'.dO-r, 

"statt 


(IV. 37) 


where  y  is  the  stoichiometric  reaction  coefficient  (for  the  re¬ 
action  of  B  (Al)  with  oxygen  it  equals  3/*0  ;  6  is  the 

ratio  of  the  radius  of  the  reaction  zone  to  the  radius  of  the 
particle  (6  =  1);  p/M  is  the  ratio  of  density  to  the  molecular 
weight  of  the  metal;  3  =  D./P.T,  where  D  Is  the  diffusion  coefficient; 
3  *  4*10“^  mole/cm* s  •  deg*  atm.;  p^  pln1(p/p^  -  x^p);  x  is  the  molar 
fraction  of  the  i-th  component. 


Pig.  103-  Value  of  1/r^  and 

l/'i  ^  as  a  function  of  xO^  con-. 

centra t i on  in  the  medium. 

1  -  1/x 2 »  2  -  1/t  1 ;.  d  *  34.5 

pm;  T3  =  2  •iQQ~2500°K  . 


Calculation  of.  combustion  time  for  boron  particles  in  a  dry 
atmosphere  by  the  indicated  formula  with  consideration  of  the 
fact  that  oxygen  ari  C0o  operate  simultaneously  as  oxidizers 
will  give  satisfactory  agreement  with  experiment  (on. the  average 
the  divergence  does  not  exceed  10-20$). 


One  of  the  possible  causes  r f  quantitative  differences  between 
calculation  arid  experiment  is  considered  to  be  the  possibility 
that  the  reaction  of  surface  .oxidation  of  boron  may  occur,  with 
the  formation  of  the  gaseous  lower  oxide  BO,  which  in  the  gas 
nhase  is '■subsequently  oxidized  to  the  final  oxide  B?C^  •  Formally, 
in  the  equation  this  .leads  to  an  .Increase  in  the  parameter  6  = 
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At  the  same  time  It  should  be  noted  that  results  from  work 

[256],  just  as  those  from  [255],  indicate  that  the  quadratic  law 
2 

T  'w  d  which  is  characteristic  for  the  diffusion  conditions  of 
combustion  is  not  fulfilled  for  boron. 


In  his  Interpretation  of  the  obtained  experimental  results  on 
the  combustion  of  boron  rods,  Talley  [144]  singles  out  five  char¬ 
acteristic  regions  in  temperature/pressure  coordinates  (Fig.  104) 


Fig.  104.  Diagram  of  combustion 
of  boron  In  oxygen  as  a  function 
of  temperature  and  pressure. 


Region  I.  The  intensity  of  heat  losses  during  combustion  is 
such  that  the  temperature  of  the  oxide  which  forms  on  the  surface 
of  the  particle  Is  lower  than  its  melting  temperature,  that  is, 
7'2'3°K.  This  is  a  region  of  slow  oxidation,  limited  by  diffusion 
of  oxygen  through  the  Solid  oxide.  The  layer  of  oxide  Is  gradually 
thickened.  The  law  governing  the  change  in  the  oxidation  rate  is 
parabolic. 


Regloh  II.  This  region  is  bounded  below  by  the  melting  temp¬ 
erature  of  the  oxide,  7?3°K.  In  this  region,  after  a  certain 
period  of  time,  dynamic  equilibrium  sets  in  between  the  rate  of 
formation  of  the  oxide  and  the  rate  at  which  it  flows  off  under 
the  action  of  gravity.  Jr.  this  region  the  law  governing  the  change 
in  time  of  the  rate  of  .turning  or  oxidation  of  boron  becomes  linear. 
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The  process  is  limited  by  the  diffusion  of  oxygen  through  the  layer 
of  liquid  oxide. 

Region  III.  Tne  temperature  of  the  surface  exceeds  1100° K. 
Removal  of  oxide  from  the  surface  of  the  particle  occurs  as  the 
result  of  evaporation.  The  thickness  of  the  oxide  film  and  the 
process  rate  are  limited  by  the  diffusion  of  oxide  vapors  into  the 
ambient  medium.  The  rate  of  combustion  is  inversely  proportional 
to  the  pressure  and  depends  on  temperature  according  to  Arrhenius ? 
law  with  an  activation  energy  value  equal  to  77  kcal/mole.  A 
strong  influence  of  water  vapor  is  observed  in  this  region.  In 
the  presence  of  H^O  the  rate  of  combustion  grows  and  the  value  of 
E  is  reduced  to  56  kcal/mole.  The  determining  factor  in  the 
process  is  the  evaporation  of  the  metaboric  acid  forming  on  the 
surface  of  the  particle  as  the  result  of'  the  reaction  of  boron 
with  HpO . 

Region  IV.  The  temperature  of  the  film  of  liquid  oxide  reaches 

the  ’"■-'iling  temperature  of  Bo0o  (with  p  >  1  atm,  T  >  2520°K).  The 

5 

surface  of  the  particle  is  freed  from  the  oxide  film.  The  surface 
of  the  liquid  metal  is  bounded  by  the  gas  phase.  The  rate  of 
combustion  is  limited  by  diffusion  of  oxygen  through  the  B^O.,  vapor 
to  the  surface  of  the  particle. 

Region  5.  The  boundary  of  the  region  is  determined  by  the 
boiling  temperature  of  boron.  The  vapor  pressure  of  boron  exceeds 
the  pressure  of  the  ambient  medium.  The  determining  process  is 
evaporation  of  boron.  Vapor-phase  combustion  takes  place  (in  work 
[  1.  h  h  ]  this  mode  was  not  realized  experimentally). 

In  a  plasma  burner  [255]  in  a  medium  of  oxygen  or  wa^er  vapor 
with  an  inert  gas  as  the  diluent  the  combustion  of  boron  particles 
occurs  in  conditions  when  the  temperature  of  the  particle  exceeds 
the  boiling  point  of  the  oxide  (the  particle  is  in  the  liquid  state). 
This  means  that  there  is  no  oxide  film  on  the  particle  and  the 
oxidation  reaction  proceeds  on  the  surface  of  the  metal.  The 


268 


limiting  stage  is  diffusion  of  the  oxidizer  through  the  vaporized 
B^O^  oxide.  The  absence  of  condensed  oxide  during  combustion  in 
water  vapors  is  testimony  to  the  fact  that  the  reaction  occurs 
through  the  formation  of  volatile  boron-hydrogen  compounds  of  the 
metaboric  acid  type.  The  presence  of  transparent  particles  with 
a  broad  spectrum  of  sines  among  the  products  of  combustion  in 
oxygen  should  apparently  ascribed  to  the  process  of  their  condensa¬ 
tion  and  coagulation  in  the  ambient  atmosphere.  In  this  respect 
the  conglomerates  noted  in  work  [255] i  consisting  of  a  large  number 
of  fine  particles,  are  characteristic .  Growth  of  BjO^  particles 
may  also  occur  due  to  condensation  on  them  of  the  vaporized  oxide 
formed  in  the  subsequent  (in  time)  stages  of  combustion. 

At  the  same  time,  the  sharp  expansion  of  tracks  and  fragmenta¬ 
tion  of  particles  in  a  medium  of  water  vapor,  noted  by  the 
authros  of  [255],  indicate  the  possibility  of  overheating  of  the 
boron  particles  and  partial  conversion  of  the  burning  condition 
into  the  vapor  phase.  In  order  for  the  vapor  tension  at  atmospheric 
pressure  to  equal  the  external  pressure,  the  temperature  of  the 
boron  particle  must  be  close  to  2800-3000°K.  Achievement  of  such 
temperatures  by  the  particles  in  a  high-temperature  medium  is 
possible  in  principle,  but  requires  additional  experimental  con¬ 
firmation  . 

The  considered  modes  of  combustion  of  particles  correspond  to 
burning  of  rods  in  the  fourth  and  fifth  regions  (Fig.  104) . 

Since  the  ignition  temperature  for  boron  lies  below  the  boiling 
point  of  B20^,  combustion  of  a  particle  begins  under  conditions 
when  a  solid  oxide  film  is  present  on  its  surface.  This  makes  it 
possible  to  explain  the  two-stage  nature  of  combustion  observed  In 
experiments  [256]  In  a  medium  with  a  high  concentration  of  oxygen. 

With  ignition  the  temperature  of  the  particle  begins  to  grow 
because  of  the  oxidation  reaction  and  at  some  certain  moment. 


reaches  the  evaporation  temperature  of  B2^3’  The  ^low  ofl  vaporized 
oxide,  directed  away  from  the  particle  surface,  creates  a  strong 
diffusion  barrier  for  the  oxidizer  and  slows  the  rate  of  the 
oxidation  reaction. 

After  complete  evaporation  of  the  initial  oxide  film  and 
condensation  of  in  the  outer  zone  new  and  favorable  conditions 

are  created  for  diffusion  of  the  oxidizer  to  the  surface  of  the 
particle.  A  new  dynamic  equilibrium  of  diffusion  flows  of  oxidizer 
and  reaction  products  sets  in,  more  favorable  to  the  reaction  of 
boron  oxidation.  In  this  case  the  reaction  rate  is  increased  and 
the  brightness  of  the  glow  around  the  particle  once  again  begins 
to  grow,  indicating  that  the  second  stage  of  combustion  has  begun. 

The  rate  of  the  reaction  In  the  first  stage  of  combustion  is 
lower  than  that  in  the  second.  Tne  two-stage  mechanism  of  combus¬ 
tion  of  particles  is,  according  to  the  Talley  scheme  [1^4],  the 
transition  of  boron  combustion  from  region  III  into  region  IV. 
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CHAPTER  V 


AGGLOMERATION  OF  METAL  POWDERS 
DURING  COMBUSTION  OF  CONDENSED 
SYSTEMS 

One  of  the  particular  features  of  the  combustion  of 
condensed  systems  containing  additions  of  metal  powder  is  the 
enlargement  of  particles  due  to  accumulation  and  fusion  on  the 
burning  surface  of  the  specimen  -  i.e.,  the  phenomenon  or 
agglomeration. 

This  phenomenon  was  first  discovered  and  in-  estigated  during 
a  study  of  the  combustion  of  balllstite  compositions  and  mixtures 
of  typical  compositions  by  Nokhio,  Logachev,  and  Mal'tsev 
[172-17^1,  247] .  Sampling  condensed  combustion  products  in 
direct  proximity  to  the  burning  surface  of  the  specimen,  they 
established  that  the  particles  escaping  it  o  the  gas  phase  differed 
essentially  from  the  initial  aluminum  in  degree  of  dispersion. 

Their  size  was  significantly  greater. 

Today  the  basic  laws  governing;  agglomeration  have  beer, 
clarified  and  qualitative  and  semiquantitati ve  connections  have 
been  established  between  this  phenomenon  and  the  structure  and 
physical  chemical  parameters  of  the  initial  composition,  the 
conditions  of  combustion,  and  the  degree  of  dispersion  and 
concentration  of  the  particles. 
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The  methods  and  the  basic  setups  for  sampling  and  hardening 
the  condensate  escaping  from  the  surface  of  the  charge  are 
outlined  in  Chapter  I. 


As  a  rule  the  results  are  developed  in  the  form  of  integral 
curves  of  the  distribution  of  particles  with  respect  to  volume 
[G(d)]  or  directly,  in  terms  of  visible  size,  F(d). 


The  arithmetic  mean  diameter  or  the  mean  volumetric  diameter 
are  frequently  used  as  brief  characteristics  of  the  distributions. 
The  volumetric  mean  size  can  be  calculated  by  the  formula 


G  (<!)  =  jj  JJi  (U)dil J 
0 


.V. 

-vi  Tr 


where  N.  is  the  number  of  particles  in  the  i-interval;  N  is  the 
total  number  of  particles;  d.^  is  the  average  size  of  the  particles 
in  the  i-interval. 


During  combustion  of  metallized  condensed  systems  the 
agglomeration  of  the  metal  particles  is  influenced  by  many  factors 
the  nature  of  the  binder  and  the  oxidi  or,  the  concentration  and 
dispersion  of  the  introduced  metal,  Lne  size  of  the  oxidizer 
crystals,  etc.  However,  other  condii'io.o  being  equal,  the  combus¬ 
tion  rate  of  the  propellant  is  the  determining  factor.  Any  factor 
which  leads  to  an  Increase  in  the  rate  of  combustion  will  lead  to 
a  reduction  in  agglomeration  of  metal  particles  during  burning  of 
the  propellant. 

The  role  of  Individual  factors  In  enlargeme.it  of  parti  les 
of  the  metallic  ingredient  on  the  combustion  surf a  ;e  Is 
below . 
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I  1.  Concentration  and  Dispersion 
of  Metal  Particles 

The  threshold  concentration  at  which  agglomeration  effect 
begins  to  be  significant  is  directly  dependent  on  the  3ize  of 
the  particles:  the  smaller  the  particles,  tne  earlier  agglomer¬ 
ation  sets  in. 

For  aluminum  powder  with'  an  average  size  d  <  ]  um  agglomera¬ 
tion  beglr.3  to  appear  at  concentrations  of  aluminum  as  low  as 
<1$;  with  a  volumetric  mean  3ize  d  £  10  um  the  threshold  coneentra 
tion  equals  2-3t.  For  the  50-70  um  fraction  it  i3  increased  to 
5-7S,  while  particles  with  d  ^  160  um  are  not  accumulated  up  to 
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a  concentration  of  10X. 

From  Tables  22  and  ?3  and  Fig.  105  it  follows,  quite  definitely, 
that  the  transition  from  finely  dispersed  aluminum  to  large  aluminum 
is  accompanied  by  an  increase  in  the  degree  of  agglomeration  of 
the  particles.  For  example,  in  an  ammonium  perchlorate  and 
polyformaldehyde  composition  with  7X  aluminum  the  formation  of 
agglomerates  equal  to  the  volumetric  mean  size  requires  uniting 
of  approximately  5000  aluminum  particles  ( d  <  1  um)  -  i.e.,  2  orders 
of  magnitude  greater  than  for  aluminum  fo^  the  frac-icn  5-10  um 
(^-70  particles).  In  composition-  with  C'-r.cehtrati or.s  of  Ai  or  Mg 
no  greater  than  20-25S  the  max,  ur:j  •>.'  agglomeration  coincides 
with  the  maximum  of  concentration  of  the  initial  metal.  Af  the 
- ame  time,  the  greater  the  dispersion  of  aluminum  or  magnesium, 
the  lower  will  be  tne  volumetric  mean  size  of  the  igglcmerates 
which  are  formed.  With  increasing  distance  from  the  surface  of 
the  charge  the  size  of  the  fusing  particles  of  metal  drops  in 
the  course  of  combustion,  with  the  effect  l  eing  the  more  sharply 
evidenced,  the  higher  the  initial  pressure  n. 


Table  23.  Dependence  of  the  characteristic  size  of  acv'.l omeratei 
on  the  dispersion  of  aluminum  in  a  composition  of  85,5  c  +  152 

PMMA  +  7%  All. 


Fractional  com¬ 
position  of 
aluminum,  % 

Size  of  alumi¬ 
num  particles , 
ym 

Size  of  agglom¬ 
erates,  ym 

D50/D50 

»9  Q  f 

50t70 

fine 

Dnn 

Dcr, 

D  „ 

ym 

50 

90 

50 

90 

1 

100 

0 

62 

70 

60 

i 

92 

1 

1.0 

l .  2: 

5° 

50 

•  38 

60 

50 

82 

1.3 

1.4 

1C 

90 

19 

42 

41 

72 

2.1 

1.7 

0 

100 

17 

28 

42 

i 

70 

2.5 

2.5 

‘Sample  taken  by  the  setup  v/ith  a  "rotating”  dram  [2481. 


§  2.  Effect  of  Pressure  and  Combustion 
Catalysts 

With  an  increase  in'  pressure  (Table  24)  the  volumetric  mean 
size  of  aluminum  particles  forming  as  a  result  of  accumulation  or- 
the  surface  of  the  charge  is  reduced.  This  is  not  a  random  effe  1 
Virtually  all  investigators  [172,  173,  203]  using  various  methods 
to  study  the  behavior  of  aluminum  during  combustion  of  metallize, 
condensed  systems  note  that  the  size  of  particles  escaping  from 
the  condensed  phase  into  the  gaseous  phase  drops  with  a  growth 
in  pressure. 

Table  24.  Effect  of  pressure  on  agglomeration 
of  aluminum  in  an  APC  +  polyester  +  7%  A1  mixture 

(D^0  =  16  ym,  D^0  =  28  ym) •  . 


i  Agglomerate  size,  ym 

Pressure , 
atm 

D„ 

i 

1 

40 

60 

2.35 

2.13 

20 

30 

40 

1 ,75 

1,13 

40 

1  10 

32 

1 

1.1 

27  J 
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Pig.  106.  surface  of  a  metaiized  powder 
( 20 %  aluminum).  a)  1  atm;  b)  15  atm; 
e)  30  atm. 


From  Pig.  106  it  Is  cLear  that  enlargement  of  particles  occurs 
directly  on  the  surface  of  the  burning  composition.  The  quantity 
and  size  of  glow  sites  increases  with  an  increase  in  pressure  p. 

At  high  concentrations  oT  Al  or  Mg  and  high  p  the  impression  is 
created  that  the  surface  consists  solidly  of  brightly  glowing 
points.  The  appearance  of  the  condensate  itself  is  extremely 
interesting.  At  pressures  of  2-20  atm  this  is  made  up  of  large 
agglomerates  of  particles  which  are  joining  together  with  each 
other  and  with  heat-reni  stant  products  of  the  decomposition  of 
nitrocellulose.  They  Have  an  irregular  shape  (Fig.  107,  a-g)  . 

At  p  s  60  atm  their  shape  becomes  almost  spherical.  Besides  the 
relatively  large  particles  there  is  a  large  quantity  of  smaller 
particles,  2-3  pm  in  size.  Individual  cracks  and  even  extremely 
fine  defects  are  visible  on  the  surface  of  the  large  particles 
(200-400  lira)  [173]* 
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Fig  10  7.  Condensed  produe  to  from  the  com¬ 
bustion  of  metallized  powder  H(d^  =  1-1} 0  pm) 

Al:  a.)  2;  b)  10;  c)  25;  cl)  60  atm. 

20%  Al :  e)  2;  f)  10;  g)  25  ;  h)  60  atm. 


These  same  photographs  emphasize  once  again  the  quantitative 
differences  examined  above,  arising  during  a  change  in  the  degree 
of  dispersion  [248]  (see  Table  23). 

With  an  increase  in  pressure  from  atmospheric  up  to  40  atm 
the  volumetric  mean  diameter  of  the  agglomerates  for  a  compos: tion 
with  1%  A1  (Table  24)  is  reduced  by  more  than  half  [172,  174,  204]. 

Povinelly  and  Rosenstein  [203]  note  that  for  polybutadiene- 
acrylonitrile  propellants  studied  by  them  the  degree  of  agglomera¬ 
tion  of  aluminum  on  the  combustion  surface  was  reduced  in  propor- 
tion  to  p~  ‘ J  (Fig.  108).  The  authors  characterize  the  effective¬ 
ness  of  the  agglomeration  process  by  the  percentage  of  particles 
which  exceed  the  initial  aluminum  in  size.  For  convenience  they 
introduce  coordinates  in  which  the  function  of  distribution  of 
aluminum  particles  by  diameter  is  linear  (Fig.  109). 


Fig.  10 3 .  Degree  of  agglom-  Fig.  109.  Degree  of  agglomera- 

eration  4  as  a  function  of  p.  tion  ut  15  atm  (d  -  particle 

diameter;  N  -  number  of  particles). 

For  the  overwhelming  majority  of  powder  mixtures  a  growth  in 
pressure  (especially  in  the  low-p  Interval)  is  inextricably 
connected  with  un  Increase  in  the  linear  rate  of  combustion  V. 
However,  combustion  rate  is  a  factor  which  in  itself  is  capable 
of  rendering  a  definite  influence  on  the  nature  of  the  behavior 
of  a  metallic  additive  and  ttie  length  of  time  it  is  located  on 
the  burning  surface.  This  change  in  the  burning  rate  is  primarily 
a  chang'  J  a  the  mass  flow  rate  of  removal  of  gaseous  products  of 
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decomposition  from  the  burning  surface;  these  products  arc  the 
basic  cause  of  removal  of  particles  from  the  surface  of  the 
condensed  phase  [173,  174].  '  * 


According  to  the  continuity  equation 


(the  subscripts  r  and  k  designate  the  gaseous  and  condensed 
phases,  respectively).  Since  y  Pv  for  the  surface  of  combus¬ 
tion,  with  an  increase  in  P(S^  &  Sr)  there  is  a  proportional 
growth  in  the  flow  rate  UpPr ;  consequently  the  force  acting 
to  remove  a  particle  is  increased.  Examination  of  a  model  of 
the  escape  of  an  aluminum  or  magnesium  particle  to  the  surface 
during  combustion  of  a  model  composition  with  consideration  of 
the  forces  acting  on  the  particle  indicated  that  a  "leg"  10-^  cm 
in  radius  between  the  surface  of  the  charge  and  the  particle  of 
the  metal,  consisting  of  the  liquid  phase  of  the  reaction  layer, 
is  sufficient  for  the  particle  to  remain  on  the  surface  of 
charge  combustion  at  the  existing  velocities  of  outflow  of  the 
products  from  combustion  of  the  powder.  Tracing  the  mechanism 
by  which  the  size  of  agglomerates  depends  on  the  combustion  rate 
without  changing  other  parameters  of  the  propellant  is  extremely 
difficult.  As  a  rule  this  is  inevitably  connected  with  a  change 
in  pressure,  composition,  or  degree  of  dispersion  of  the  components 
of  the  propellant.  Therefore  a  method  was  selected  which  satisfies 
the  condition  of  a  constant  level  of  the  majority  of  the.  propellant 
parameters.  It  consists  in  a  change  In  the  gravitational  density 
of  the  specimen.  It  is  known  from  numerous  works  [283,  284]  on 
combustion  of  heterogeneous  condensed  systems  and  powders  that  the 
rate  of  combustion  of  pressed  compositions  grows  with  a  reduction 
in  charge  density.  Under  certain  conditions  (high  pressures  and 
j.0*  equities )  comb  uz  tier  ueveiop  right  up  \o  detonation  modes. 

In  the  pressure  range  1-50  atm  and  the  range  of  relative  densities 
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A  =  0. 7-1.0  combustion  occurs  at  a  rate  which  is  virtually  constant, 
but  elevated.  For  a  PF  +  APC  +  7%  A1  (d  =  5-10  pm)  system  a 
change  in  density  from  p  =  1.69  to  a  value  of  p  *  1.37  g/cm  at  a 
pressure  of  30  atm  will  lead  to  growth  in  the  normal  rate  of  combus¬ 
tion  from  5.8  to  7.6  mrn/s .  This  is  equivalent  to  a  change  in  the 

p 

mass  flow  rate  of  the  gas  outflow  from  0.98  to  1 . 0 h  g-cm  /s . 
Actually,  with  an  increase  in  a  burning  rate  the  volumetric  mean 
size  Dj-0  of  the  aluminum  particles  (h  £  0.5  mm)  is  reduced  from 
32  to  21  pm  -  i.e.,  by  one  third. 

It  is  clear  that  any  factor  which  leads  to  an  increase  in 
the  rate  of  burning  of  a  solid  propellant  (catalytic  additives, 
pressure,  type  of  oxidizer)  should  reduce  the  degree  of  enlargement 
of  the  particles.  Thus,  during  experiments  with  a  binary  mixture 
of  APC  +  10%  aluminum  (D^Q  =  60  pm)  at  60  atm  the  size  of  the 
agglomerates  forming  on  the  burning  surface  of  the  perchlorate  as 
a  result  of  accumulation  of  fine  particles  reached  1-2  mm.  With 
addition  of  2%  of  the  catalyst  Cu^O  into  this  binary  composition 
the  size  of  the  particles  was  reduced  to  0.1-0. 5  mm.  The  effect 
of  cuprous  oxide  on  the  th  ?1  mal  decomposition  and  burning  rate 
for  compositions  based  on  APC  has  been  more  or  less  definitely 
established  [156]. 

Thus,  the  reduction  in  the  degree  of  agglomeration  in  the 
given  example  is  also  confirmation  of  a  positive  role  of  burning 
rate  (rate  of  decomposition)  of  the  composition  in  the  formation 
of  agglomerates. 

5  3.  The  Hole  of  the  Fuel 
and  the  Oxidizer 


Figure  110  and  Table  25  show  Integral  curves  of  the  distribu- 


-ion  anu  L'iiuru  j 


•I  4  .  -* 


U  4-  l  *  , 


.*  tic les  and 


particles  of  condensed  combustion  products  from  a  number  of 
investigated  compositions  based  on  ammonium  perchl orate .  The 
initial  aluminum  had  •  36  pm  and  D^0  =  28  pm. 
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Pig.  110.  Integral  curves  of 
the  volume  distribution  of 
particle  agglomerates  of  A1  in 
compositions:  1  -  Initial  Al; 
2  -  7?  A1  +  15?  polyester;  3  - 
8?  Al  +  10?  PMMA;  4  -  10$  Al  + 
+  40?  H;  5  -  10?  Al  +  20?  PF; 

6  -  20?  Al  +  20?  PF. 


These  data  once  again  clearly  emphasize  the  influence  of 
aluminum  concentration  in  the  composition 1  on  the  degree  of 
agglomeration.  But  at  the  same  time  they  indicate  that  the 
fuel-binder  is  by  no  meo.is  the  last  thing  to  be  considered  in 
this  question.  It  is  difficult  to  explain  the  almost  twofold 
difference  in  distributions  between  the  first  and  second  or  the 
third  and  fourth  compositions  -  for  example,  differences  in 
burning  rates.  Thus,  as  we  saw  earlier,  chi's  is  also  important. 


Table  25.  Characteristic  sizes  of  agglomerates  on  compositions 
with  different  fuels  (P  *  40  atm,  D°Q  =  1 6  pm,  =  28  pm). 


No . 

Fuel 

Aluminum 

concentra- 

Size  of 
erates , 

agglom- 

um 

tion,  ? 

D50 

°90 

1 

Polyester,  19? 

7 

18 

35 

2 

Polymethyl  methacrylate  (PMMA), 
15? 

7 

33 

56 

3 

Ballistite  (chip),  20? 

10 

54 

80 

4 

Poly formaldehyde  (PF),  24$ 

10 

120 

185 

5 

Poly formaldehyde ,  24? 

20 

240 

350 

6 

Powder  II,  90? 

ir 

300 
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The  role  of  the  binder  and  the  oxidizer  was  studied  in 
more  detail  in  works  [173»  174].  Typical  pressed  compositions 
based  on  KCIO^  and  NH^CIO^  as  oxidizers  and  polymethyl  methacrylate, 
poly formaldehyde ,  carbon  (carbon  black),  and  naphthalene  were 
studied  (Table  26). 


Table  26.  Volumetric  mean  size  D^q  of  agglomerates  forming  during 
combustion  of  mixed  and  balllstite  compositions. _ 


— — - ■ — n 

Percentage 

Size,  um 

Composition 

of  addi¬ 
tive 

5  atm 

20  atm 

4o  atm 

NH^ClOjj  +  polymethyl 

10 

48 

4l 

32 

methacrylate 

20 

67 

58 

46 

NH^CIO^  +  polyformaldehyde 

10 

46 

41 

35 

20 

51 

47. 

42 

NH^ClOjj  +  naphthalene 

10 

190 

150 

100 

20 

300 

240 

180 

NHjjClOjj  +  carbon  +  0.5? 

10 

210 

180 

110 

paraffin 

20 

320 

270 

'  200 

KClOjj  +  polymethyl 

10 

- 

34 

21 

methacrylate 

20 

- 

48 

37 

KClOjj  +  polyformaldehyde 

10 

- 

.  30 

27 

20 

- 

36 

31 

KCIO^  4  naphthalene 

10 

- 

90 

60 

20 

- 

150 

105 

KClOjj  4-  carbon  +  0.5? 

10 

- 

120 

80 

paraffin 

20 

- 

170 

130 

Nitroglycerin  composition 

10 

Aggre¬ 

gates 

120 

90 

20 

- 

200 

140 

Pyroxylin  composition 

10 

Aggre- 

165 

110 
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Potassium  perchlorate  falls  in  the  class  of  oxidizers  which 
melt  during  combustion;  APC  is,  for  the  most  part,  decomposed 
during  burning  (sublimates),  with  a  very  thin  molten  layer  (2-3  ym) 
[201];  carbon  is  a  nonvolatile,  nondecomposing,  nonmelting  fuel; 
naphthalene  is  a  fuel  which  melts  but  is  highly  volatile  (easily 
sublimated);  polymethyl  methacrylate  and  polyformaldehyde  melt 
with  the  composition  during  burning.  In  order  to  retain  a  constant 
level  of  the  ratio  between  fuel  and  oxidizer  aluminum  was  Intro¬ 
duced  in  a  quantity  above  100?.  Sampling  of  the  condensed  products 
was  carried  out  0.5  mm  from  the  surface  of  charge  combustion  by 
the  electromagnetic  method  [172—17^3  - 

First  of  all  in  mixed  compositions  with  identical  fuels  the 
dimensions  of  agglomerates  are  In  all  cases  greater  on  ammonium 
perchlorate  than  on  potassium  perchlorate.  This  is  true  indepen¬ 
dently  of  the  aluminum  concentration.  Secondly,  such  polymer 
^uel-bi nders  as  . 1/methyl  methacrylate  and  polyformaldehyde 
differ  sharply  (3-4  times)  from  the  fuels  naphthalene  and  carbon 
in  terms  of  the  degree  of  effect  on  enlargement  of  aluminum  on 
the  surface  of  combustion.  Thirdly,  there  is  a  definite  difference 
between  mixed  and  ballistifce  compositions.  With  identical 
concentrations  and  degrees  of  dispersion  of  the  metallic  powder, 
balllstites form  larger  particles  during  combustion  than  the  mixed 
propellants.  In  Individual  cases  agglomerates  reach  1.0-1. 5  mm 
in  diameter,  despite  elevated  pressure  (Fig.  ill).  One  reason 
for  the  increased  potential  for  agglomeration  is  the  formation 
of  filament-shaped  carbon  black  aggregates  on  the  surface  of  the 
molten  layer  of  the  charge.  This,  in  particular,  explains  the 
high  agglomeration  on  ballistite  and  pyroxylin  powders. 

During  combustion  of  pyroxylin  compositions  a  significant 
quantity  of  carbon  "threads"  (more  than  during  combustion  of 
nitroglycerin  compositions)  will  be  formed  on  the  surface. 
Representing  unique  centers  for  grouping  of  metal  particles, 
which  are  comparatively  mobile  on  the  molten  surface,  they  ar,<* 
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dispersed  together  with  the  latter  into  the  high-temperature 
zone  of  the  flame.  In  this  zone  the  particles  of  aluminum  are 
.'used  together,  forming  large  agglomerates  of  the  type  which 
are  demonstrated  on  Pig.  111.1  Extremely  large  particles  are 
also  formed  when  ballistite  powder  is  used  in  combination  with 
APC  ( see  Table  25 )  • 


Fig.  111.  Agglomerates  of  aluminum  particles 
of  ballistite  (a)  and  mixed  (b)  compositions. 

But  the  property  of  formation  by  the  components  of  a  liquid 
phase  during  combustion  is  not  a  determining  factor  in  all  cases. 
Potassium  perchlorate  melts,  but  the  degree  of  enlargement  of 
aluminum  particles  during  combustion  of  mixtures  based  on  it  is 
lower  than  that  for  equivalent  compositions  based  on  APC. 
Apparently  a  decisive  role  is  played  here  by  differences  in  the 
combustion  rate.  Other  conditions  being  equal,  mixed  compositions 
based  on  PPC  usually  burn  at  a  higher  rate  than  those  based  on 
APC. 


‘it  must  be  noted  that  the  rate  of  combustion  of  pyroxylin 
powders  is  lower  than  that  of  nitroglycerin  compositions. 
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The  experimental  material  available  at  present  does  not 
allow  us  to  draw  final  conclusions  concerning  the  role  of  the 
physicochemical  properties  of  the  fuel  and  oxidizer  in  the  process 
of  enlargement  of  metal  particles  on  the  surface  of  the  burning 
powder.  However,  there  is  no  question  that  they  influence  the 
process  of  enlargement  of  metal  particles.  This  influence  is 
manifested  through  the  rate  of  normal  combustion,  the  phase 
state  of  the  surface  of  combustion,  volume  concentration,  ability 
to  decompose  with  the  formation  of  gaseous  products,  etc.  For 
example,  a  composition  of  KH^CIO^  +  C  +  20%  A1  at  a  pressure  of 
;I0  atm  burns  at  a  rate  of  0.8  cm/s,  while  the  composition 
NH^ClOh  +  poly  formaldehyde  +  20%  A1  at  20  atrn  burns  at  a  rate  of 
0.75  cm/s  -  i.e.,  they  are  very  similar  with  respect  to  rate  of 
combustion.  However,  the  degree  to  which  particles  of  aluminum 
are  joined  together  in  the  first  composition  is  approximate 'y 
60  times  higher  than  that  in  the  second.  The  fact  is  that, 
apparently,  in  contrast  to  carbon  the  poly  formal dehyde ,  despite 
melting,  is  almost  completely  gasified  during  combustion.  The 
active  liberation  of  gas  during  decomposition  favors  dispersion 
of  condensed  substance  from  the  liquid-phase  reaction  layer. 
Control  experiments  in  heating  binary  mixtures  of  poly  form' ^dehyde 
and  aluminum  and  polystyrene  and  aluminum  mol”1'  ’-...an  plates 
confirm  the  fact  that  melting,  vigorous  decomposition,  and  foaming 
of  these  compounds  occurs  in  the  temperature  interval  200- i‘,n°C , 
with  a  clearly  expressed  process  of  dispersion  of  the  mat'-ri  al  . 

The  deposits  remaining  after  ’he  exf  -Ti  merit  enmprl  sen  by 

weight  nf  the  aluminum  Imbedded  in  the  specimen. 

With  heating  of  a  mixture  of  carbon  +  •:» .  5%  t  uraffln  *■ 

+  aluminum  no  changes  of  any  kind  were  observed  up  \c>  lOhr'v:. 

In  all  probability  in  combination  with  an  oxidizer  carbon  plays 
the  same  role  as  formations  of  carbon  blade  on  Ue  surface  <f 
balllstite  powders. 
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It  must  be  emphasised  that  compositions  with  n  gasifying  fut?i 
possess  a  higher  degree  of  gas  formation  (per  unit  volume  of  substance) 
than  compositions  with  fuels  which  arc  not  gasified  or  gasify  only 
poorly  (carbon  type);  tins  unquestionably  favors  more  active  removal 
of  condensed  particles  Into  the  gas  phase  before  they  can  join 
together. 

Comparison  of  Tables  25  and  26  reveals  e.t  first,  glance  certain 
contradictions :  the  mean  volumetric  size  of  agglomerates  with 

one  and  the  same  concentration  of  aluminum  in  .a  l’K-APC  composition 
is  significantly  higher  in  the  first  case  than  in  the  second.  !n 
actual  fact  the  contradiction  is  only  apparent.  These  compositions 
differ  with  respect  to  degree  of  dispersion  of  the  extcli  zoi  (it  is 
larger  in  the  first  case)  and  in  the  type  of  pci y formaldehyde 
(the  polymer  has  different  molecular  weight).  Besides  this,  the 
indicated  data  were  obtained  by  different  sampling  metnods  and 
at  inadequate  distances  from  the  surface  of  combustion. 

§  4.  Dispersion  of  Components 

The  degree  of  dispersion  of  components  of  polymerized 
compositions  is  determined  mainly  by  the  dimensions  of  the  oxidizer 
particles.  The  same  thing  can  be  said  of  pressed  compositions, 
since  in  these  the  particles  of  the  fuel  are,  as  a  rule,  substan¬ 
tially  smaller  than  those  of  the  oxidizer. 

As  the  oxidizer  is  enlarged  the  degree  of  agglomeration 
grows  sharply.  With  an  increase  in  APC  particle  diameter  from 
5-10  to  100-200  pm  the  size  of  agglomerates  i.s  practically  doubled. 
The  effect  of  enlargement  of  aluminum  with  a  growth  in  oxidizer 
particle  size  was  also  noted  in  work  [201]  (degree  of  agglomeration 
was  Increased  by  2%).  An  increase  in  pressure  smooths  the 
difference  slightly.  The  final  size  of  agglomerates  depends  not 
only  on  the  degree  of  dispersion  and  the  fractional  composition 
of  the  system,  but  also  is  influenced  by  the  method  used  to 
prepare  the  mixture. 
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One  anil  the  n.' uno  mixture;  (.10*  I’MMA )  was  prepared  by  two 
different  it othodn :  by  the  usual  ./Kihariica’l  mixing  ol'  the  components 
i 1 1  a  rotating  drum  or  by  the  "gelling"  method,  which  consists  In 
introducing  the  aluminum  and  the  oxiditsor  into  a  previously 
prepared  solution  of’  fuel  in  d.l oh 3 oroethane  .  After  evaporation 
(with  careful  agitation)  of  the  solvent  an  extiaunely  uniform  mass 
is  formed.  The  fuel  surrounds  particles  of  aluminum  and  of  ABC 
in  a  very  thin  layer. 

During  combustion  of  specimens  of  the  "gelled"  composition 
('!%  Al)  the  characteristic  slue  and  t)  of  the  agglomerates 
was  a  third  less  than  specimens  of  a  mixture  prepared  by  the 
usual  method: 
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§  ‘3.  "Blasting"  of  the  Surface 
of  Combustion 

Structures  of  combustion  chambers  for  rocket  engines  are 
designed  in  many  versions  fox'  channel,  burning  of  solid- fuel 
charges.  In  such  engine  structures  a  high-temperature  gas  flow 
of  variable  velocity  exists  along  the  bur:  : ng  surface.  The 
magnitude  of  velocity  can,  under  certain  conditions,  reach  a 
value  such  that  the  flow  begins  to  act  directly  on  the  surface 
of  tin.:  condensed  phase.  The  mode  of  "erosion"  combustion 
appears  [I>J.  The  rate  of  charge  combustion  becomes  different 
from  the  rate  of  normal  combustion  and  is  a  function  ef  the 
velocity  of  the  flow. 

Since  the  effect  of  enlargement  of  metal  particles  occurs 
on  the  surface  of  the  charge,  the  presence  of  a  transverse  flow 
is  one  of  the  factors  which  influences  agglomeration. 
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Povine.tly  and  Rosenstein  [203]  Indicate  that  at  a  velocity 
of  approximately  60  m/s  on  compositions  with  n  coarse  ox:ldi2er 
the  transverse  How  Increases  the  number  of  particles  which 
surpass  the  initial  particles  in  siae  by  about  2  times.  Applying 
the  method  of  sampling  condensed  combustion  products  by  the 
"slit  charge"  setup  [283],  we  obtained  a  blowing  velocity  10-15 
times  higher. 

The  velocity  of  the  transverse  flow  of  high-temperature 
products  from  combustion  of  the  investigated  composition,  averaged 
along  the  length  of  the  charge  and  in  time,  exceeded  100  m/s  in 
the  general  case.  An  important  point  is  the  fact  that;  in  this 
case  the  flow  it;  two-phase,  since  a  high  percentage  of  heterogeneous 
particles  is  present  in  it. 


Fig.  112.  The  quantity  Dt-Q  as  a 

function  of  the  velocity  of  a  gas 
flow . 

Designations:  mu.  -  ym,  m/cbk  =  m/s. 

The  point  on  the  ordinate  (Fig.  112)  corresponding  to  a  zero 
blowing  velocity  W  =  0  (time  for  sampling  and  hardening  of 
particles  70"100  ym  and  less  in  aiameter  is  .1  ms)  was  obtained 
during  end-burning  of  a  flat  specimen.  Curve  1  corresponds  to 
experiments  in  which  the  distance  from  the  cut  of  the  "slotted" 
specimen  to  the  surface  of  the  quenching  liquid  in  the  sampling 
instrument  equals  3  mm;  curve  2  -  h  =  30  mm.  In  terms  of  time 
this  is  equivalent  to  ^1  and  'v*!  ms,  respectively.  The  time 
difference  between  curves  1  and  2  comprises  0.5-3  ms,  depending 
on  the  interval  of  velocity  W. 

With  .an  average  velocity  W  on  the  order  of  15  m/s  the  volumet¬ 
ric  mean  size  passes  through  a  maximum;  a  further  increase  in 
velocity  leads  to  a  reduction  in  the  size  of  agglomerates.  In  the 


W,  n/ci’K 
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considered  example  the  Integral  curves  of  distribution  of  particles 
obtained  during  end  burning  (W  *  0)  and  during  blasting  of  the 
surface  of  a  burning  specimen  by  a  flow  at  ^100  m/s  virtually 
coincide . 

This  result  is  of  interest  from  another  point  of  view.  It 
means  that  at  the  initial  moment,  when  the  agglomerate  escapes 
from  the  surface  of  combustion  and  enters  the  gaseous  phase,  it 
is  burned  out  at  a  rate  which  exceeds  the  rate  of  combustion  of 
aluminum. 

§  6.  The  Effect  of  the  Properties 
of  the  Metal 

The  phenomenon  of  agglomeration  is  characteristic  for 
combustion  of  virtua^y  all  metallized  compositions  with  an 
increased  concentration  of  metallic  particles.  It  is  also  noted 
on  magnesium  compositions  and  on  powders  containing  particles  of 
boron,  beryllium,  etc.  Table  ?7  gives  the  results  of  studies  of 
the  degree  of  agglomeration  of  particles  during  burning  of  a 
APC-poly formaldehyde- magnesium  composition . 

Under  complete] y  ldentica'  conditions  of  burning,  sampling, 
and  hardening  of  the  condensate  the  size  of  agglomerates  in 
compositions  with  Mg  is  noticeably  smaller  than  for  aluminum. 

With  increasing  distance  from  the  surface  of  the  specimen  the 
degree  of  dispersion  of  agglomerates  is  rapidly  reduced  and  at 
a  distance  of  5  min  the  volumetric  moan  diameter  falls  in  the 
limits  1-2  pm. 

As  In  the  case  of  compositions  with  addition  of  aluminum, 
for  compositions  with  magnesium  we  observe  a  dependence  of  the 
volumetric  mean  size  of  particles  formed  as  a  result  of  accumula¬ 
tion  of  powder  on  the  surface  on  pressure  (rate  of  combustion  of 
the  charge)  and  on  the  percentage  addition  of  the  metal. 
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Table  27.  Volumetric  mean  size  of  magnesium  particles 
formed  during  combustion  of  the  composition  APC-PF-Mg 


(dQ  <  1.5  pm) . 


Pressure , 
atm 

Distance  from 
surface  of 
charge,  mm 

Addition 
of  Mg,  % 

Size  of 
particles , 
pm 

1 

0.5 

7 

18 

0.5 

20 

23 

30 

0.5 

7 

11 

0.5 

20 

16 

1 

5 

7 

3 

5 

20 

6 

30 

5 

7 

1.0 

5 

20 

2.0 

However,  the  degree  of  fusion  of  particles  is  less  for 
magnesium  than  for  aluminum.  Thus,  for  example,  for  the  composi¬ 
tion  APC  +  poly formaldehyde  +  20%  Mg  (a  <  1.5  pm)  with  p  =  30  atm 
the  volumetric  mean  size  of  particles  Dc,  =  16  pm  (see  Table  27) > 

po 

while  with  an  analogous  composition  with  20%  A1  ( d  <_  1  pm)  under 
the  same  experimental  conditions  D,_p  =  22  pm.  The  interaction  of 
the  particles  and  all  of  the  processes  which  Influence  agglomera¬ 
tion  in  one  way  or  another  occur  on  the  surface  of  the  specimen 
and  mainly  prior  to  particle  ignition. 

Magnesium  has  a  melting  temperature  which  is  virtually 
identical  with  that  of  aluminum,  but  the  ignition  temperature  is 
lower  and  it  also  has  a  small  period  of  preignition  heatup. 
Besides  this,  compositions  with  additions  of  magnesium  have  a 
higher  burning  rate  than  those  with  aluminum  (at  identical 
percentage  contents  and  identical  particle  size).  Therefore  in 
this  respect  the  fact  that  agglomeration  is  less  expressed  as 
compared  with  particles  of  aluminum  is  a  fully  understandable 
factor. 
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§  7.  Structure  of  Agglomerates 


The  process  of  agglomeration  frequently  leads  to  the  formation 
of  large  particles  on  the  surface  of  charge  combustion;  the  size 
of  the  particles  exceeds  the  largest  particles  of  initial  metal 
powder  by  an  order  of  magnitude.  This  problem  is  quite  important, 
since  it  can  determine  the  effectiveness  with  which  metallized 
compositions  are  utilized  in  combustion  chambers.  The  time  of 
combustion  of  metal  particles,  as  is  known,  is  a  function  of  their 
diameter . 

Whereas  large  agglomerates  are  uniform  in  terms  of  structure 
and  have  exclusively  metallic  base,  their  incomplete  combustion 
iii  installations  or  rocket  engines  can  bring  to  naught  the  entire 
positive  energy  effect  achieved  by  the  application  of  a  metallic 
powder  in  the  fuel.  However,  as  was  first  established  on  ballistite 
powders  [172,  173]  and  later  studied  in  more  detail  on  mixed 
compositions  [2^8],  agglomerates  are  not  uniform.  Individual 
large  particles  collected  from  the  surface  of  combustion  of  an 
aluminized  charge  were  sintered  for  several  hours  at  350-500°C. 

This  temperature  interval  was  deliberately  selected  below  the 
melting  point  of  pure  aluminum  and  its  oxide,  but  higher  than 
the  decomposition  temperature  of  the  remaining  components  of 
the  mixture.  In  the  case  when  the  latter  are  present  In 
agglomerates  they  should  be  decomposed  during  sintering  and  thus 
should  reduce  the  strength  of  the  investigated  particles.  The 
experiments  showed  that  agglomerates  held  at  a  high  temperature  . 
are  very  easily  crushed  and  broken  down  into  much  smaller 
particles . 

The  second  method  used  for  qualitative  analysis  of  the 
structure  of  agglomerates  was  to  evaluate  their  average  density. 

For  this  purpose  agglomerates  (d  >  100  ym)  preliminarily  separated 
into  individual  fractions  were  selected  and  packed  into  cylindrical 
specimen  holders  under  a  pressure  p  %  ^ 00 C  atm.  At  such  a  pressure 
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ammonium  perchlorate  and  the  polymer  fuel  are  packed  to  a  relative 
density  virtually  equal  to  1.0,  while  aluminum  powder  is  packed 

O 

to  an  absolute  density  of  2.62  g/cm  .  It  was  found  that  the 
average  density  of  specimens  pressed  in  this  way  does  not 
exceed  2.1  g/cm  . 


Both  of  these  facts  indicate  that  the  composition  of  large 
agglomerates  contains,  besides  aluminum  and  its  oxides,  a 
significant  quantity  of  substances  with  lower  density.  Such 
substances  can  only  be  incompletely  decomposed  fuel  (p  £  1.0  g/cm^) 
and  APC  (p  =  I.96  g/cm  )  or  nitrocellulose. 


Pig.  113.  Internal  structure 
of  a  large  agglomerate. 


Cutting  sections  of  the  largest  individual  agglomerates 
(Fig.  113)  clearly  confirms  the  nonuniformity  of  the  structure. 

Jn  fact  some  of  them  have  an  internal  cavity.  In  view  of  this 
measurement  of  the  density  of  Individual  particles  by  the  methods 
used  in  the  case  of  dispersed  media  is  always  connected  with  a 
probability  of  error.  By  using  the  developed  procedures  we  are 
able  to  evaluate  the  fraction  of  aluminum  in  the  agglomerates. 

The  procedure  developed  to  investigate  the  combustion  of 
single  particles  of  metal  [15*0  was  used  to  measure  the  combustion 
time  of  Individual  agglomerates  in  a  flow  of  products  from  he 
combustion  of  a  known  '"imposition.  Subsequently  the  laws 
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combustion  of  individual  particles  (IV. 2)  and  the  measured 
combustion  time  were  used  to  calculate  the  ’’effective"  diameter 
of  the  agglomerate,  De^.  Thus  the  diameter  of  an  aluminum 
particle  for  which  burning  time  under  the  given  conditions  is 
identical  tc  that  of  the  agglomerate  is  taken  as  the  "effective" 
diameter  of  the  latter.  The  ratio  of  the  "effective"  diameter 
Deff  to  the  diameter  of  the  particle  characterizes  the 

fraction  of  aluminum  in  the  agglomerate,  in  the  first  approx¬ 
imation.  Results  of  individual  measurements  are  presented  in 
Table  28. 


Table  28.  Combustion  time  t  and  "effective"  diameter  of  agglom¬ 
erates  . 


Size  of  ag¬ 
glomerates  , 

D,  pm 

. 

Burning  time 
of  agglomer¬ 
ates,  ms 

Burning  time  , 
of  aluminum 
particles ,  ms 

"Effective" 
diameter  of 
agglomerates , 

pm 

Fraction  of 
aluminum  in 
the  agglom¬ 
erates  , 

(Deff/D) 

, 

50 

'1.8 

6 . 0 

<13 

O.63 

80 

7.8 

12.0 

97  ■ 

0. 36 

120 

i  2 . 6 

22.0 

83 

0.33 

160 

19.0 

3^.0 

108 

0 . 30 

200 

2S  0 

^5.0 

130 

0.27 

The  first  column  of  the  table  gives  the  initial  dimensions 
of  the  agglomerates,  while  the  second  contains  the  experimentally 
measured  combustion  times.  For  comparison  the  third  column  gives 
the  time  required  for  complete  combustion  of  aluminum  particles 
equal  in  size  to  the  agglomerates.  The  combustion  time  for  the 
agglomerates  is  noticeably  less  than  that  for  analogous  aluminum 
particles  ,  with  the  difference  being  the  greater  the  larger'  the 
3ize  of  the  agglomerates.  The  fourth  column  gives  the  "effective" 
diameters  of  agglomerates  as  calculated  from  their  combustion 
time.  It  Is  clear  tb  t  in  large  agglomerates  (diameter  greater 
than  80  pm)  the  fraction  of  aluminum  does  not  exceed  h 0 %  and  is 
reduced  with  an  increase  in  agglomerate  diameter.  Combustion 
time  of  the  agglomerates  depends  on  the  quantity  of  aluminum 
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contained  in  them.  Such  an  evaluation  is,  of  course,  approximate, 
since  it  is  impossible  to  identify  combustion  time  of  solid 
aluminum  particles  completely  with  the  time  required  for  complete 
burning  of  the  aluminum  out  of  agglomerates  which  possess  a 
complex  structure. 

Thus,  although  agglomeration  leads  to  a  noticeable  increase 
in  combustion  time,  direct  utilization  of  the  dimensions  of 
formed  agglomerates  for  evaluation  of  xr  can  lead  to  very  substantial 
errors . 

§  8.  The  Physical  Nature  of 
Agglomeration 

Analysis  of  photographs  of  propellant  combustion  surface  shows 
that  agglomeration  of  aluminum  is  realized  in  both  ballistite  and 
mixed  propellants  basically  by  accumulation,  although  the  presence 
of  growth  of  agglomerates  of  aluminum  by  means  of  collision  is 
also  noted  (but  in  a  substantially  lower  degree) . 

From  works  [395,  196]  we  know  that  in  the  initial  stage  of 
burning  of  powders  decomposition  of  a  small  portion  of  the 
composition  into  gaseous  combustion  products  occurs  in  the 
reaction  layer  of  the  condensed  phase.  A  large  part  of  the 
condensed  material  of  the  reaction  layer  is  dispersed  with  the 
formation  of  a  smoke  and  gas  mixture.  During  combustion  of 
ballistite  compositions  a  '’grid”  of  threadlike  aggregates  is 
formed  on  the  surface;  these  consist  predominately  of  carbon. 

These  heat-resistant  products  are,  as  it  were,  centers  for 
grouping  and  cementation  of  particles,  leading  to  their  accumula¬ 
tion  . 

On  Fig.  107  we  can  see  aggregates  of  aluminum  particles 
adhering  to  one  another  and  to  carbon-rich  heat-resistant  products 
of  the  decomposition  of  nitrocellulose.  The  adhesion  of  a 
substantial  quantity  of  aluminum  particles  to  particles  of  carbon 
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black  occurs  on  the  surface  of  the  composition  with  the  formation 
of  a  grid,  after  the  destruction  of  which  its  individual  bits 
(aggregates)  are  carried  off  by  the  gaseous  combustion  products. 

In  the  low-pressure  region  p  <20  atm  (Fig.  107 ,  a,  b  c,  e,  f,  g) 
and,  consequently,  at  low  combustion  temperatures  at  which 
complete  combustion  of  the  ballistite  composition  is  not  achieved 
the  aggregates  have  an  irregular  shape  and  arbitrary  dimensions. 

At  p  >  60  atm,  when  complete  combustion  is  achieved  (Fig.  107), 
particles  of  spherical  shape  are  formed.  Cracks  and  other  defects 
.»  are  visible  on  large  round  particles  (whose  dimensions  reach 

250-300  pm).  The  particles  are  dark  in  color  due  to  the  presence 
of  carbon  black. 

Since  the  temperature  on  the  surface  of  ballistite  compositions 
is  less  than  half  the  melting  point  of  aluminum  and  magnesium, 
particles  of  these  metals  sire  found  on  the  surface  in  the  solid 
state . 


Gaseous  products  of  decomposition  of  the  powder  flowing 
away  from  the  specimen  surface  carry  off  agglomerates  Into  the 
high-temperature  gas  phase.  Here  the  agglomerates  are  melted 
and  become  spherical,  while  the  individual  particles  of  metal 
in  them  are  blended  together  into  larger  sizes. 

Thus,  the  process  of  enlargement  of  metallic  particles  in 
compositions  similar  to  ballistite  powders  occurs  in  two  stages. 
The  first  stage  is  adhesion  of  the  particles  with  products  of 
decomposition  of  the  condensed  phase,  while  the  second  stage 
is  their  fusion  close  to  the  surface  of  the  charge  in  the  gaseous 
phase.  During  burning  of  mixed  compositions,  if  the  temperature 
of  the  burning  surface  is  lower  than  the  melting  temperature  of 
aluminum  and  if  the  component.--,  form  a  solid  molten  layer  in  the 
course  of  decomposition,  we  can  regard  such  a  mechanism  of 
agglomerate  formation  as  one  of  tne  most  probable. 
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High-speed  cinephotography  of  the  burning  surface  gives  a 
clear  idea  of  the  processes  occurring  on  it.  With  a  proper 
magnification  factor  it  is  possible  to  note  that  particles 
are  rotating  and  move,  coalescing  with  neighboring  particles 
and  being  carried  into  the  gas  phase.  On  these  same  frames 
individual  particles  remain  in  place  for  several  milliseconds 
after  emergence  on  the  surface,  virtually  unchanged  in  diameter, 
and  then  are  immediately  thrown  out  into  the  flow  (Table  29). 


Table  29*  Average  size  and  duration  of  stay  of  agglomerates  on 
the  surface  of  the  charge.  _ _ _ 


Composition 

Particle 
size,  pm 

.. 

Pressure , 
atm 

Average 
agglomer¬ 
ate  size, 
pm 

Average  stay 
time  of  ag¬ 
glomerate  , 
ms 

Powder  H  +  2%  A1 

1 

10 

400 

- 

Powder  H  +  10$  A1 

1 

10 

1000 

23 

The  same 

1 

4o 

250 

10 

The  same 

40-70 

40 

400 

- 

Mixed  composition 

- 

80  mm  Hg 

230 

5-7 

The  same 

- 

1 

80 

1-2 

If  the  temperature  of  the  composition  surface  exceeds  the 
melting  temperature  of  the  metal  the  process  of  adhesion  of 
particles  can  begin  directly  on  the  surface  of  the  charge 
[172]. 


The  possibility  of  fusion  and  adhesion  of  individual  drops 
of  aluminum  with  a  temperature  of  the  surface  which  equals  or 
exceeds  the  melting  point  of  aluminum  and  despite  the  presence 
on  them  of  a  refractory  oxide  film  was  demonstrated  in  work  [241], 
Figure  38  clearly  demonstrates  that  growth  of  particles  occurs 
on  points  where  the  oxide  shell  is  fractured  and  the  surface  of 
tne  pure  aluminum  is  exposed.  Cracking  of  the  shell  during 
heating  of  particles  occurs  because  of  differences  of  thermal 
coefficients  of  volume  exparsion  for  aluminum  and  it3  oxide. 
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An  analogous  idea  of  the  enlargement  of  aluminum  particles 

on  the  surface  of  the  grain  by  their  motion  and  mutual  collision 

was  developed  in  work  [203]-  According  to  results  in  this  work 

the  average  speed  of  travel  of  particles  and  the  degree  of  their 

agglomeration  are  reduced  with  a  growth  in  pressure  in  proportion 
-0  3 

to  p  .  It  is  postulated  that  the  appearance  of  the  phenomenon 
of  partical  agglomeration  requires  fulfillment  of  two  conditions; 
first  of  all  the  time  during  which  the  particle  remains  on  the 
surface  of  combustion  must  be  greater  than  the  time  required  for 
the  particles  to  adhere  and,  secondly,  agglomeration  time  must  be 
less  than  the  combustion  time  of  the  particles. 

Using  several  assumptions  concerning  the  nature  of  combustion 
of  aluminum  particles,  their  distribution  In  the  powder  composition, 
and  a  number  of  assumptions  (surface  temperature  independent  of 
pressure,  proportionality  of  the  speed  of  motion  of  particles 
to  the  burning  rate  of  the  fuel,  etc.),  the  authors  obtained  an 
expression  which  permits  calculation  of  the  critical  aluminum- 
particle  diameter  necessary  for  the  appearance  of  agglomeration. 

Thus,  according  to  the  calculations  in  the  case  of  the 
fuel  RVAA  +  NH^ClOjj  +  9$  A1  the  aluminum  particle  diameter  required 
for  agglomeration  is  3-5  pm  at  atmospheric  pressure  and  6. 5  uni 
at  a  pressure  of  30  atm.  However,  despite  the  apparently  good 
coincidence  of  experimental  and  theoretical  data  the  proposed 
criterion  does  not  explain  the  laws  governing  the  phenomenon 
of  agglomeration  given  above. 

During  combustion  of  heterogeneous  metallized  compositions 
with  binders  which  are  poorly  gasified,  a  somewhat  different 
method  of  formation  of  agglomerates  is  possible;  this  was  proposed 
by  Belyayev,  Frolov,  and  Korotkov  [298], 
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Fig.  11*4.  Cir.eframes  of  the  surface 
of  a  burning  specimen  with  15 % 
aluminum,  taken  with  triple  (a)  and 
sevenfold  (b)  magnification. 


Figure  11*1  shows  frames  from  motion  pictures  of  the  surface 
of  a  burning  specimen  containing  15?  finely  dispersed  aluminum. 

Large  agglomerates  in  the  form  of  "flakes"  with  a  flat  irregular 
shape  are  visible  on  them,  flying  away  from  the  surface  of  the 
specimen.  Against  the  general  background  of  "flakes"  individual 
bright  spots  of  aluminum  particles  can  be  singled  out.  These 
particles  are  separated  from  one  another  by  the  basic  substance 
of  the  agglomerates.  The  large  "flakes"  or  agglomerates  can 
remain  close  to  the  surface  of  burning  for  a  comparatively  long 
time,  still  connected  to  it  by  thin  connectors  -  "legs." 

During  this  period  finer  particles,  which  escaped  previously  from 
the  surface  of  combustion,  can  adhere  to  them. 

Only  small  transverse  displacements  of  the  flakes  are 
recorded  at  the  moment  of  separation  from  the  surface.  Upon 
ent  Ting  the  high-temperature  zone  of  the  Jet  the  agglomerates 
melt  rapidly  and  take  on  a  spherical  shape.  At  this  moment  cavities 
can  be  formed  inside  the  agglomerates.  Other  conditions  being 
equal,  the  size  of  the  agglomerates  depends  on  the  ability  of  the 
fuel  to  decompose  and  melt  during  pyrolysis.  If  the  "flake" 
agglomerates  are  sufficiently  large  and  if  the  sampling  and 
hardening  time  is  small,  their  surface  will  have  noticeable 
roughness  and  irregularities  (see  Fig.  Ill)  . 
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As  was  noted  earlier,  condensed  systems  have  an  unordered 
nonuniform  structure  and  consist  of  crystals  of  oxidizer  separated 
by  gaps  which  are  filled  with  the  polymer  fuel  containing 
particles  of  metal  (aluminum,  magnesium).  The  greater  the 
fraction  of  APC  the  thicker  will  be  the  interlayer  of  fuel  and 
the  greater  the  amount  of  aluminum  in  it.  The  latter  fact  also 
depends  on  the  degree  of  dispersion  and  concentration  of  the 
powder  metal,  on  the  uniformity  of  component  mixing,  and  on  the 
density  and  concentration  of  the-  fuel. 

In  the  general  case  the  rate  of  decomposition  of  the  fuel 
and  the  APC  will  be  different.  The  decomposition  process  occurs 
most  rapidly  along  the  boundary  of  contact  between  the  components. 
Under  certain  conditions  the  rate  of  propagation  of  the  combustion 
front  is  wholly  determined  by  the  average  rate  of  propagation  of 
the  "tips"  between  the  fuel  and  oxidizer  [156].  In  view  of  this 
individual  segments  of  fuel  containing  aluminum  burn  gradually 
on  all  sides  at  points  of  contact  with  crystals  of  APC,  hrea1'  away, 
and  are  carried  off  by  the  flow  of  gaseous  products  leaving  the 
surface.  In  a  high-temperature  oxidizing  medium  the  fuel  is 
subjected  to  rapid  pyrolysis,  opening  the  way  for  direct  interaction 
and  ignition  of  the  particles  of  metal  included  in  the  agglomerate. 
With  an  increase  in  pressure  the  thickness  of  the  heated  layer' 
of  propellant  is  reduced  and  the  rate  of  de  -imposition  of  the 
components  is  increased.  This  results  in  a  reduction  in  the  size 
of  agglomerates.  Naturally,  the  two  considered  versions  are  not 
only  not  mutually  exclusive  but,  just  the  opposite,  they  supplement 
one  another. 

Thus  the  mechanism  for  enlargement  of  metal  particle:'  during 
combustion  of  metallized  solid  fuels  anc  explosive  proposed 
by  the  authors  '  f  [172-17^,  2^8]  and  involving  their  a  ;co  luluti on 
on  the  burning  surface  of  the  propel  Ian4-  grain  and  s  uhstu;  uent 
accumulation  and  adhesion  to  heat-resistant  products  from 
decomposition  of  the  binder  makes  it  possible  to  explain  all  of 
the  basic  laws  governing  the  phenomenon  of  agglomc  at,  ion. 
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CHAPTER  VI 


COMBUSTION  OF  POWDERS  WITH 
POWDER-LIKE  METAL  ADDITIVES 


§  1.  Combustion  of  Metal 
Particles  in  Powder  Compositions 

[285] 

Flameless  combustion  represents  the  initial  combustion  stage 
for  powders  and  occurs  in  a  virtually  isolated  form  under  vacuum 
conditions.  Stability  in  nameless  combust1' on  results  from  the 
thermal  effect  of  reactions  which  occur  in  the  reaction  layer  of 
the  condensed  phase  [195,  196].  It  is  evident  that  if  the  metal 
particles  react  during  flame less  combustion  of  metallised  composi¬ 
tions.  then  this  will  be  reflected  in  the  heat  effect  of  the  re¬ 
actions  which  occur  in  the  reaction  layer  of  the  condensed  phase 
( k-phase ) . 

From  results  obtained  .in  igniting  solid  fuels  it  was  found 
that  in  order  to  achieve  combustion  of  compositions  in  a  vacuum 

_  'T 

(p  ---  10  mm  Hg)  the  specimen  must  first  be  heated  to  a  certain 
temperature  T  .  If  we  know  the  preheating  Tq  and  the  temperature 
on  the  surface  of  the  specimen  T  In  nameless  combustion,  then 
we  can  estimate  the  thermal  effect  Q  of  the  total  exothermal 
process  in  the  reaction  of  the  k-phu.se: 
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It  w  mu  etdub  Ushod  that  bnllisi  Hu  powder  burnn  steadily  and 
f  I  .‘melons  !1, y  whon  preheated  to  Tq  ■  1IO°0,  a  pure  mixture*  of 
poly  forma  ldehyde  and  amnion  1  urn  pore.hlorat  e  [A!'f  I  (Tina)  -  to  Tq  ■ 

«  200‘V,  Quantity  T  of'  these  compositions  la  equal  ,  respectively » 
to  iOQ  and  f| H 0 w i ' . 


In  t  ho  case  of  nameless  combustion  of  baluistlte  nowdora 
w.l  U.  aluminum  added  t  he  surface  temperature  rental  no  practically 
the  same  (T  **  280-  290"  0 )  an  for  the  hal.11at.ite  powders  without; 
the  metal  additive,  The  aluminum  part  I  c  1  or  ignite  and  burn  not 
on  the  surface  of  the  powder,  but  In  the  smoke-gas  /.one  o<'  the 
flame  near  the  surface  of  the  charge. 

Plante* loss  combustion  of  mixed  powder  with  aluminum,  magnesium, 
and  their  alloys  added  (50/50)  is  accompanied  by  a  steady  Increase 
In  T  w  In  proportion  to.  t!ie  increase  in  tin:*  concentration  of  the 
metal  up  to  20%  (115).  At  the  same  time  ?  is  increases  in 
proportion  to  the  decrease  in  the  particle  size  of  the  metal  which 
is  added  to  the  solid  rochet  propellant  [SHP]  (TP1).  The  AFC/PP 
composition  with  lj%  A1  and  above  and  a  diameter  of  d  <  1  pm, when 
heated  to  200°0,  burns  at  a  very  rapid  rate  (with  an  explosion), 
which  does  not  enable  correct  measuring  of  the  T  Q  value.  The 
growth  of  T  Is  accompanied  by  an  increase  in  the  amount  of 
heat  (Fig.  116)  which  Is  released  as  a  result  of  the  oxidation 
reactions  of  Al,  Mg,  and  the  aluminum-magnesium  alloy,  and  this 
oxidation  also  increases  with  an  increase  in  the  percent  of  the 
additive,  reaching  f|QJ5  for  Mg  (d  ~  1-10  pm),  35$  for  Al/Mg  (50/50) 
(d  =  10-100  pm) ,  and  25$  for  Al  (d  =  20-60  pm)  in  relation  to  the 
total  amount  of  heat  release  in  the  k-phase.  The  great  reaction 
capacity  of  magnesium  in  the  k-phase  as  compared  to  the  aluminum 
Is  caused  by  differences  in  the  oxide  film  properties  of  Al  and 
Mg  (see  Chapter  l). 
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Fig.  115.  Surface  temperature  (Tri_„)  an  a 

function  of  concentration  of  meta.l  in  powder: 

Parti  cie  nine  (In  Min):  For  A 1  :  i  -  5-10; 

2  -  )2-i5;  1  -  20- 60 ;  Mg:  b  -  3-10;  5  - 

Bo-90;  A 1  -  Mg  (50/130);  6  -  3  0-100. 

Fig.  13  6.  Ratio  of  heat  release  during  oxi¬ 
dation  of  metal  to  total  amount  of  heat 
released  In  k-phase:  Particle  dimension  (in 
Mm):  For  Al:  1  -  5-10;  2  -  12-15;  3  -  20-60; 

Mg:  H  -  10;]  5  -  80-90;  Al-Mg  (50/50);  6  - 

10-100. 

Figure  1.17  shown  the  ratio  of  heat  released  through  the  oxi¬ 
dation  of  the  metal  in  the  k-phase  to  the  total  heat  which  is 
realized  in  complete  combustion  of  the  metal  in  the  powder.  There 
is  a  maximum  for  all  studied  compositions  in  the  additive  range 
of  10-13%,  where  in  the  k-phase  3-^%  Al  and  10%  Mg  of  the  original 
quantity  of  the  rnetal  react.  The  decrease  in  this  ratio  as  the 
concentration  of  metal  in  the  powder  is  increased  up  to  20%  is 
caused  by  the  growth  of  a  negative  oxygen  balance  in  the  SRP  and 
the  agglomeration  of  rnetal  particles  on  the  surface  of  the  burning 
charge  (see  page  281).  As  pressure  increases  up  to  20-25  atin  (at 
which  complete  combustion  of  the  mixed  compositions  is  achieved 
[219-222]) the  amount  of  metal  which  reacts  on  the  charge  surface 
increases , 
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Fig,  117.  Ratio  of  heat  released 
during  oxidation  of  metal  in  k- 
phase  to  heat  realized  in  complete 
burn-up  of  metal:  Particle  size 
(in  urn):  For  Mg:  1  -  1-10;  2  - 
80-90;  Al:  3  -  20-60;  Al-Mg 
(50/50);  4  -  10-100. 


How  is  it  possible  that  aluminum  particles  covered  with  a 

solid  oxide  film  of  A1-.0.,  can  be  oxidized  at  the  relatively 

o 

low  temperatures  of  500-600°C?  Since  the  vapor  pressures  of 
aluminum  and  magnesium  at  this  temperature  are  extremely  low 
(vapor  pressure  of  aluminum  at  660°C  is  5. 25 "10  mm  Hg,  magnesium 
at  751°C  -  10  mm  Hg),  then  their  reaction  with  the  oxidizer  can 
occur  only  on  the  charge  surface  of  the  metal.  The  diffusion 
coefficient  of  the  gases  (0^,  CO^,  etc)  through  the  solid 
shell  is  too  low  to  cause  the  rate  of  heat  release,  equal  to 
0. 3-0.6  cal/cm^s,  which  was  observed  in  the  experiment.  Apparently 
there  are  two  ways  that  this  might  happen.  The  first  and  most 
probable  is  that  because  of  the  different  linear  expansion  co¬ 
efficients  0,  during  heating  the  particle  shell  cracks  and  the 
aluminum  is  stripped.  The  second  is  that  the  carbon  which  is 
formed  in  the  decomposition  of  the  fuel  bond  may  restore  the  Al^O- 

J 

oxide  film  and  form  the  carbide  AlC^  (see  Chapter  I). 

Near  the  charge  surface  in  the  region  of  relatively  low  temp¬ 
eratures  metal  oxidation  reactions  occur  as  a  rule  on  the  surface 
of  the  particles.  With  an  increase  in  pressure  and,  consequently, 
temperature  the  role  of  reactions  in  the  vapor  phase  also  increases 
Here,  the  higher  the  combustion  temperature  of  the  SRP  and  the  lowe 
the  boiling  temperature  of  the  metal,  the  greater  the  heat  which 
is  released  from  reactions  occurring  in  the  vapor  phase.  For 
example,  magnesium,  whose  boiling  temperature  at  atmospheric 
pressure  is  equal  to  1107°C  and  l850°C  at  50  atm  (below  the  com¬ 
bustion  temperature  of  the  SRP  flame),  combusts  in  the  vapor  phase. 
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Metal  such  as  tungsten,  which  has  a  boiling  point  of  5000°C  under 
atmospheric  pressure, should  burn  in  the  condensed  phase.  Aluminum, 
however,  whose  boiling  point  at  atmospheric  pressure  is  equal  to 
2050°C  and  3600°C  at  p  =  50  atm  occupies  an  intermediate  position. 

During  combustion  there  is  an  accumulation  of  metal  particles 
on  the  charge  surface.  In  the  case  of  ballistite  powders  there 
is  first  a  fusing  of  aluminum  and  magnesium  particles  with  the 
thermoresistant  decay  products  of  the  nitrocellulose,  which  sub¬ 
sequently  fuse  near  the  c!  ;rge  surface.  When  model  mixture  systems 
are  burned  fusion  of  the  aluminum  particles  can  occur  on  the  surface 
of  the  powders,  since  its  temperature  is  sufficient  to  melt  the 
aluminum  and  magnesium.  Ignition  of  the  aluminum  particles  with 
respect  to  flame  height  depends  on  particle  size.  Evidently,  the 
greater  the  particle  size,  the  greater  the  time  required  to  heat 
it  up  to  the  ignition  point  (x  z  d2)  and  the  higher  (up  the 
flow)  will  be  their  ignition.  A  spectral  study  on  the  height  of 
the  flame  in  metallized  powders  indicated  that  radiation  in  a  wave 
length  interval  of  0. 3-0.6  urn  has  a  spectrum  whose  intensity 
gradually  declines  toward  short  wavelengths.  Against  the  back¬ 
ground  of  a  continuous  spectrum  in  a  pressure  interval  of  5-10 
atm  for  a  fuel  with  an  aluminum  additive  and  2-5  atm  for  SRP  with  a 
magnesium  additive  oscillating  bands  appear,  which  are  caused  by 
the  molecules  of  A10,  A1H  and  MgO.  Moreover,  In  the  visible  and 
near  ultraviolet  region  atomic  lines  cf  aluminum  and  magnesium 

are  observed. 


The  presence  of  an  Intensive  continuous  spectrum  in  the  near 
ultraviolet  and  visible  regions  during  combustion  of  metallized 
SRP  is  explained  by  the  radiation  of  condensed  metal  combustion 
products  (AlpO^,  MgO)  (see  page  184).  The  characteristic  form 
of  energy  distribution  in  the  spectrum  as  a  function  of  wavelength 
A  along  the  flame  during  the  combustion  process  of  the  APC-PF  charge 


with  10%  A1  at  20  atm  is  shown  in  Pig.  73.  The  experimental  poincs 
were  taken  only  from  the  places  on  the  spectrum  free  of  oscillating 
bands  of  A10  (A  =  4866,  4842,  4672,  4648  A),  A1H  (A  =  4259,  4241  A). 
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The  amount  of  energy  released  by  the  flame  in  the  studied  wave¬ 
length  range  of  0.3-0. 6  urn  increases  with  an  increase  in  distance 
from  the  charge  surface  and  reaches  a  maximal  value  at  a  distance 
of  0.8-1  mm.  Further,  at  a  distance  of  up  to  3  mm  it  becomes 
steady,  then  falls  as  the  combustion  products  of  the  SRP  cool. 

The  distribution  of  Intensities  is  well  described  by  the  Wien 
formula  [217,  218],  i.e.,  the  obtained  spectra  are  identical  in 
nature  to  that  of  heat  radiation  from  a  gray  body.  The  intense 
visible  emission  of  the  SRP  flame  with  aluminum  and  magnesium 
added  is  related  primarily  to  the  selective  emission  of  condensed 
particles  of  aluminum  and  magnesium  oxide  [180],  Moreover,  this 
emission  is  intensified  by  thermoradiation  of  A10  molecules  which 
are  formed  in  the  flame  (when  aluminum  is  added  in  the  case  of 
SRP  combustion)  and  the  MgO  molecules  which  are  formed  in  the  gas 
phase  (when  magnesium  is  added  in  SRP  combustion).  The  combustion 
temperature  of  the  aluminum  and  magnesium  particles  in  the  flame 
jet  of  the  SRP  grows  with  pressure  and  reaches  a  maximal  value  in  the 
range  of  18-20  atm  for  aluminum  at  3500°  ±  150°K  and  the  range  of 
7-10  atm  for  magnesium  at  3*100  ±  150°K.  The  combustion  temperature 
of  the  aluminum  particles  is  lt00-C00°C  higher  than  that  of  the  fuel 
flame  jet  [206]. 

The  transparency  of  the  SRP  flame  jet  with  5  and  105?  aluminum 

and  magnesium  added  was,  according  to  [173,  206],  less  than  y  < 

-2 

<  10  ,  i.e.,  the  flame  Jet  of  the  metallized  powders  was  not 

transparent.  On  the  basis  of  studies  of  flames  close  to  the 
indicated  [22*1,  229]  it  maybe  concluded  that  their  reflectivity 
changes  with  temperature  in  the  relatively  narrow  range  of  8  = 

--  0.15-0.2.  Since  transparency  y,  absorptivity  a,  and  reflectivity 
p  are  linked  by  the  relationship  a  *  1  -  y  -  p,  then  the  absorp¬ 
tivity  of  the  SRP  flame  Jet  with  aluminum  and  magnesium  added 
should  be  equal  on  the  average  to  o  «  0.80-0. 85. 

The  obtained  emissivity  of  the  zone  around  the  particles 
proved  to  be  considerably  greater  than  the  absorptivity  of  the 
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gaseous  combustion  products.  This  is  explained  by  the  formation 
in  the  zone  surrounding  the  particle  of  extremely  fine,  condensed 
oxides  AljO^  and  MgO,  which  are  also  the  main  source  of  heat 
emission  in  the  burning  particle. 

In  summing  up  what  has  been  said,  the  following  brief  notes 
should  be  made. 


1.  When  ballistite  powders  are  burned  with  aluminum  and 
magnesium  additives,  as  a  result  of  the  accumulation  on  the  charge 
surface  there  is  a  fusing  of  the  metal  particles  with  the  thermo¬ 
stable  decomposition  products  of  the  nitrocellulose,  which  subse¬ 
quently  fuse  near  the  charge  surface.  In  a  case  where  model  mix¬ 
ture  systems  are  burned  the  fusion  of  the  aluminum  particles  has 
already  begun  on  the  charge  surface. 


2.  In  the  initial  combustion  stage  of  model  mixed  fuels  with 
aluminum  and  magnesium  added,  i.e.,  in  the  reaction  layer,  oxida¬ 
tion  reactions  with  a  positive  thermal  effect  begin  on  the  surface 
of  the  metal  particles.  Here  3-^%  (in  the  case  of  the  aluminum 
additives)  and  5-10%  (in  the  case  of  the  magnesium  additive)  of 
the  total  heat  achieved  in  complete  combustion  of  the  metal  in 
a  SRP  flame  is  released  in  the  reaction  layer. 


3.  The  temperature  of  the  combustion  zone  of  the  aluminum 
particle  exceeds  the  flame  Jet  temperature  by  *J00-600oC. 

§  2.  Combustion  Time  of  Aluminum 


Of  che  great  diversity  of  problems  which  arise  when  metals 
are  Introduced  into  fuel  compositions,  one  of  the  most  important 
is  that  of  the  completeness  of  the  chemical  reaction  of  the 
original  components. 

Since  combustion  completeness  of  non-metal  fuel-oxidizer  sys¬ 
tems  with  finely  ground  components  at  pressures  of  10-25  atm  is 
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reached  very  near  the  combustion  surface  in  an  extremely  short 
time,  then  combustion  completeness  in  mixtures  containing  aluminum 
or  magnesium  particles  will  be  determined  entirely  by  the  chemical 
reaction  time  of  the  latter. 


It  was  shown  earlier  that  the  oxidation  process  of  aluminum 
or  magnesium  begins  directly  in  the  heated  layer  of  the  condensed 
phase.  Nevertheless,  the  fraction  of  reacted  metal  is  extremely 
small,  not  exceeding  5%  on  the  average.  The  main  metal  oxidation 
process  -  the  combustion  process  -  occurs  in  a  high-temperature 
flame.  The  flame  jet  in  condensed  systems  consist  essentially  of 
the  gaseous  combustion  products  of  the  decomposing  fuel  and  oxi¬ 
dizer  as  well  as  the  burning  metal  particles  in  this  medium. 

The  macrokinetics  of  the  combustion  process  of  such  a  jet 
flame  should  be  based  on  the  laws  govering  the  combustion  of  the 
individual  particles  taking  into  account  size  distribution.  It 
is  also  important  to  consider  that  in  the  case  of  heterogenous 
fuel  compositions  particles  burn  in  concentrations  of  active 
reagents  in  the  medium  which  are  complex  in  composition  and  variable 
( 1 n  time ) . 


The  combustion  of  condensed  systems  with  a  high  concentration 
of  powder-like  metals  is  distinguished  by  the  fact  that  the  process 
of  active  particle  agglomeration  is  observed  on  the  burning  surface 
[172].  For  this  reason  particles  which  differ  (sometimes  dras¬ 
tically)  from  the  original  in  their  dispersion  and  composition 
enter  the  flame  jet.  The  combustion  time  of  large  agglomerates 
is  not  determined  by  visible  size,  rather  it  depends  on  the  amount 
of  aluminum  contained  in  them,  i.e.,  on  the  "effective" 
diameter  (see  Table  28). 


At  the  present  time  there  Is  no  qualitative  theory  of  metal 
particle  agglomeration  for  the  combustion  of  metallized  systems 
which  would  consider  all  of  the  structural  features  and  properties 
of  the  fuel  compositions  and  the  physicochemical  parameters  of  the 
original  metal  powders.  Thus,  the  problem  of  combustion  completeness 
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of  the  metal  In  the  combustion  of  metallized  compositions  and  pow¬ 
ders  begins  in  each  specific  case  with  an  investigation  of  the 
degree  of  particle  agglomeration. 

With  all  of  this  considered,  a  rough  estimate  has  been  made 
below1  of  tne  combustion  of  10  and  <lQ%  aluminum  contained  in 
condensed  mixtures  based  on  APC.  The  average  mass  diameter  of  the 
particles  in  the  original  aluminum  powder  is  16  pm,  and  the  size 
distribution  of  the  particles •( agglomerates )  corresponds  to  that 
shown  in  Fig.  110. 

In  the  calculation  the  following  was  assumed:  a)  the  flame 
jet  was  semi-infinite;  b)  there  was  no  heat  exchange  between  the 
carrier  gas  phase  and  the  particles  suspended  in  it;  c)  transverse 
molecular  and  turbulent  transfer  of  components  in  the  flame  was 
negligible;  d)  the  composition  of  the  medium  along  the  flame  jets 
as  the  result  of  the  oxidation  of  the  metal  changed  constantly, 
forming  quasu-stationary  fields  of  concentration  of  the  main 
oxidizing  reagents;  e)  combustion  of  the  particles  in  the  flow 
occurred  because  of  the  Ko0  and  COp,  which  are  equivalent  in  the 
metal  oxidation  reaction;  f)  the  rate  of  movement  of  the  particles 
was  equal  to  the  velocity  of  the  flow,  i.e.,  there  was  no 
velocity  lag  in  the  particles;  g)  the  combustion  time  of  the 
agglomerates  was  determined  by  their  "effective"  diameter. 

Let  us  designate  the  density  of  the  fuel  as  p,  the  concentra¬ 
tion  of  aluminum  in  the  fuel  as  c^.  Thus  the  total  mass  of 
aluminum  entering  the  flow  from  one  unit  volume  of  fuel  is  * 

=  p c q •  If  the  density  function  cf  the  distribution  with  respect 
to  the  dimensions  of  the  particles  which  enter  the  gas  phase  is 
f  (Dq)  ,  and  the  law  of  mass  los3  of  particles  in  time  /.  \l)j)  -  (!) 


'Yu.  V.  Frolov,  A.  I.  Koromkov.  Report  at  seminar  of  the 
division  of  the  Institute  of  Chemical  Physics  of  the  AS  USSR, 
1968;  FGV,  1972  (in  press). 
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then  the  mass  of  unreacted  aluminum  for  time  dt  in  a  particle 
interval  of  (Dg  -  (Dg  +  dDg)  will  equal 


dm  —  >o'  7.  (/>,;/) did hr. 


(VI. 1) 


Hence,  the  total  expression  for  determining  the  amount  of  active 
aluminum  in  the  flow  during  time  t  will  equal 

f  3C 

m  =  ;ir0  (  |  Z(tki)  f  (!) )dtd/h,  (VI. 2) 

o  o 

Function  f(DQ)  of  the  distribution  density  of  the  particles  with 
respect  to  size  is  plotted  on  the  basis  of  the  experimental  data 
with  consideration  of  the  structure  of  the  agglomerates,  i.e., 
according  to  D  Figure  118  shows  a  spec'fic  example  of  func¬ 
tions  for  fuels  containing  7,  10,  and  20 %  aluminum 

(corresponding  to  the  intergral  distribution  of  particles  in  the 
volume  shown  in  Fig.  110). 

Expression  (IV. 2)  is  used  In  deriving  the  ] aw  Z(DQt)  of  mass 
change  In  the  aluminum  particles  in  time. 


If  rQ  is  the  time  of  complete  combustion  of  particles  with 
diameter  DQ  and  D  and  t  are  the  current  diameter  and  combustion 
time ,  respectively ,  of  particles  in  the  medium  of  the  gas  phase, 
then  , 


"  .  _L  V 

/  ■  1  v.  / 


(  -- - 
\  i  hi 


(VI. 3) 


where 


H 

1  TjST  1 


In  the  solution  one  must  remember  that  parameter  a  -  the 

n 

relative  concentration  of  oxidizing  reagents  in  the  flame  - 
changes  gradually  as  the  aluminum  is  burned  up,  i.e.,  it  in  turn 
represents  the  burn-up  function  of  the  metal  (1  -  m/m^)  or  the 
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current  concentration  of  aluminum  c: 


flK  =  ,'h-“(,,o-<'>- 


(VI. l<) 


where  a  and  a  and  cn  and  c  represent  the  initial  and  current 


'K  ”  H  ’■  "0 

concentrations  of  active  reagents  and  aluminum  in  the  flow, 
respectively . 


For  compositions  based  on-APC  which  were  selected  as  examples 
coefficient  a  *  1.9.  li.  the  general  case 


*OK  flK  Hi 


a  —  ■ 


(VI. 5) 


where  a  is  the  final  value  of  ^he  parameter,  which  corresponds 

K  HOH  r 


to  total  burn-up  of  the  metal;  coefficient  a  can  also  be  expressed 
somewhat  differently. 


According  to  the  oxidation  reaction  equation  of  aluminum  in 
H20  or  CO ^  each  mole  of  aluminum  reacts  with  1.5  moles  of  H^O  or 


CO  ^  • 


Al  +  1 .511.0  —  0,5/MjOj  +  l.tilh 


or 


Al  4  1.5CO,  -0.5Al.Oi  -t-  1.5C0. 


Here  the  total  number  of  moles  n  (per  unit  weight  of  the  fuel)  of 
the  gas-phase  compounds  in  the  medium  does  not  change.  Thus,  In 
the  symbols  selected  earlier. 


13  100 

fl»<  “  %  -  ~r  ~  r° 


(VI. 6) 


or 
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Pig.  118.  Function  f(Dn  ,.) 

u  3  (p  cp 

for  compositions  containing  A1 
(in  %)  1-7;  2-10;  3-  20%. 


Fig.  119.  Combustion  time  of  alu¬ 
minum  particles  as  a  function  of 
particle  diameter;  A1  concentration: 
1  -  7;  2  -  10;  3  -  20%. 


The  combustion  [burn-up]  time  of  the  aluminum  in  the  flame  is 
calculated  together  with  the  solution  to  equations  (VI.  2)  and  (VI.  ^4). 


Figure  119  shows  how  the  combustion  time  of  the  individual 
particles  changes  depending  on  their  diameter  and  on  the  Initial 
concentration  of  aluminum  in  the  fuel.  The  graphics  give  an  idea 
of  the  time  required  to  complete  an  aluminum  oxidation  reaction  in 
a  flame  of  a  metallised  composition  based  on  APC,  assuming  that  the 
agglomerates  which  leave  the  surface  of  the  specimen  form  a  frac¬ 
tion  with  an  effective  diameter  equal  to  Dq  .  The  complete¬ 

ness  of  combustion  (1  -  m/n^)  *  N,  %  of  time  for  three  mono- 
fractions  with  a  particle  dimension  of  *  50,  70,  and  100  pm  can 
be  followed  on  Fig.  120.  The  time  process  is  uneven;  in  the  first 
third  of  the  total  time  more  than  one  half  of  the  original  mass 
of  particles  has  a  chance  to  react,  or  more  than  one  half  of  the 
active  aluminum  which  enters  the  flame  from  the  k-phase, 


•5  1  0 


Burn-up  (by  mass)  of  the  aluminum  in  the  flame  for  the  case 
with  the  corresponding  integral  D  distribution  shown  in  Pig.  110  and 
corresponding  distribution  density  shown  in  Pig.  118  was  calculated 
for  a  composition  with  a  parameter  value  of  aH  =  50%  in  Cq  =  20% 
(Fig.  121).  The  maximal  time  required  to  complete  the  aluminum 
combustion  reaction  was  ^5-50  us.  This  is  the  total  combustion 
time  of  the  largest  particle.  However,  the  bulk  of  the  aluminum 
mass  (about  90$)  was  able  to  react  within  approximately  the  first 
20-25  us.  If  we  consider  that  average  mass  diameter  D^0  for  the 
studied  example  is  equal  to  70  um,  then  replacement  in  the  calcu¬ 
lation  of  the  polydispersed  distribution  by  a  monodispersed  dis¬ 
tribution  with  a  particle  size  of  DQ  =  70  um  reduces  the  combus¬ 
tion  period  by  approximately  2  times  (Fig.  120).  This  emphasizes 
the  inadmissibility  of  replacing  the  actual  distribution  of 
agglomerates  with  respect  to  even  in  rough  estimates  by  a 

monofraction  with  a  particle  size  which  is  equal  to  the  mean 
average  size  in  the  corresponding  distribution.  Such  calculations 
for  compositions  with  a  10$  concentration  of  aluminum  indicate 
that  the  complete  burn-up  period  of  aluminum  is  in  this  case  equal 
to  20-25  us. 


Simplifying  the  calculation  system  by  averaging  parameter  a  , 
i.e.,  by  replacing  the  quasi-stationary  concentration  distribution 
of  active  reagents  with  respect  to  the  length  of  the  flame  jet  by 

Q 

a  constant  value  a  =  a  -  u/2  cn  corresponding  to  the  oxidation 
condition  of  half  of  the  original  aluminum  mass, reduces  the  degree 
of  burn-up  (1  -  m/mQ)  at  the  initial  moment  and  increases  it  in 
the  final  stage  by  an  average  of  5-10$. 

The  result.:;  of  the  rough  estimates  determining  the  burn-up  time 
of  aluminum  in  a  flame  for  heterogenous  compositions  of  fuel 
and  oxidizer  were  verified  experimentally  on  a  semi-closed  unit  - 
the  end-burning  micromotor  (page  75)*  Optimal  combustion  condi¬ 
tions  for  aluminum  are  found  by  successively  increasing  the  free 
volume  in  the  combustion  chamber  above  the  surface  of  the  burning 


313 


too  r - 


ro  to  30  r,  ms 


Pig.  120. 


0  tO  20  30  35  T, 


Pig.  121. 


Fig.  120.  Calculating  completeness  of  aluminum  burn-up  (mono- 
fraction)  in  high-temperature  (T  ■  3000°K)  active  medium.  1  - 


D0  -  50;  II  -  Dq 


70;  III  -  D, 


100  ym. 


1  -  a 


2  -  a 


aH(c). 


Fig.  121.  Burn-up  of  polydisperse  aluminum  in  flame  Jet  in 


time.  1  -  a 


const;  2  -  a 

•  u 


aH(c). 


specimen  by  increasing  chamber  length  H  (see  Fig.  25).  The  fixed 
variable  in  the  experiments  was  specific  impulse  0.  The  inde¬ 
pendence  of  3  (considering  correction  for  thermal  losses  in  the 
unit)  from  H  was  considered  by  means  of  the  condition  of  total 
completion  of  chemical  reactions  in  the  flame  jet.  The  hold-up 
time  of  the  combustion  products  in  the  engine  was  determined  by 
corresponding  recalculation  of  height  H. 


Results  of  such  experiments  show  that  the  average  time  re¬ 
quired  to  obtain  the  optimal  specific  impulse  value  is  equal  to 
12  and  27  ys  for  compositions  with  10  and  18?  aluminum,  respec¬ 
tively.  According  to  the  calculation  (see  Fig.  121),  during  this 
time  more  than  96-98?  of  the  aluminum  should  react.  Here  we  must 
add  that  after-burning  of  the  large  particles,  constituting 
10-15?  of  the  mass,  occurs  in  an  atmosphere  which  is  rather  poor 
in  active  reagents  and  is  a  very  drawn  out  process.  If  ue  were 
to  follow  this  process  from  the  Increase  in  the  specific  impulse, 
it  would  be  necessary  to  considerably  increase  the  height  of  the 
chamber  H,  which  involves  an  increase  in  thermal  losses  and 


/ 
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involves  additional  difficultes,  which  is  the  reason  for  the 
limited  sensitivity  threshold  of  this  method. 

In  order  to,  eliminate  chemical  losses  in  such  units,  the  time 
in  which  the  combustion  products  of  the  metallized  solid  fuels, 
remain  in  them  should  be  comparable  to  the  combustion  time  of  the 
largest  particles  (agglomerates). 


There  are  two  ways  to  actively  affect  the  combustion  process: 
a)  decrease  the  degree  of  agglomeration  of  the  particles  and  b) 
enrich  the  gas  phase  of  the  fuel  by  active  reagents  of  the 
and  C02  type  or,  for  example,  by  flourine  compounds  (P^Cl)  [2871. 

There  are  different  ways  to  decrease  the  agglomerates.  Among 
them, for  example,  are  attempts  at  chemical  inclusion  of  the  alu¬ 
minum  or  boron  Into  the  molecule  of  the  binding  agent  instead  of 
individual  carbon  atom  [288],  reducing  the  dispersion  of  the 
original  components  [172,  251],.  increasing  the  combustion  rate  of 
the  composition,  etc  [173,  17*1,  206]. 

One  promising  method  of  reducing  agglomerates  might  be  that 
of  first  covering  the  aluminum  particles  with  a  material  which 

ha3  a  high  melting  point.  Here  a  certain  improvement  in  the 

1 

ignition  characteristics  of  anodized  or  chromated  aluminum  is 
indicated  [2*10,  253].  True,  it  should  be  mentioned  that  a 
deterioration  in  the  energy  parameters  of  the  fuel  could  result 
from  this  cladding. 


S  3.  Effect  of  Metal  Additive 
on  Specific  Impulse  of  Jet  Fuel 


The  specific  impulse  of  a  reactive  force  Is  an  Important  energy 
characteristic  In  the  rocket  charge  [289].  To  a  great  extent  It 
determines  the  velocity,  flight  range,  land  carrying  capacity  of 
the  rocket.  For  example,  for  an  Intercontinental  ballistic  rocket 
with  a  flight  range  of  11,000  km  and  a  specific  vacuum  impulse  of 
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tf  *  310  kg> s/kg  the  increase  in  tf  by  1 %  is  equivalent  to  a  500  km 
increase  in  range  [290], 

One  method  of  creating  high-thrust  solid  rocket  fuels  and 
powders  is  to  use  powder  metals  with  a  high  heat  producing  value 
as  additives  to  modern  fuel  compositions. 

As  we  know,  the  energy  possibilities  of  fuels  can  be  estimated 
from  specific  impulse  formulas:  • 

3 «■  9,33  y"n7S77i  kg- s/kg,  £VI  7) 

or 

J  W  kg  •  s/kg ,  ( IV .  8 ) 

where  AH  is  the  difference  in  formation  heats  of  the  reaction 
products  in  the  chamber;  k  -  adiabatic  exponents;  g  -  free-fall 
acceleration;  RQ  -gas  constant;  Tk  -  temperature  In  combustion 
chamber;  V  -  exhaust  velocity  of  combustion  products  from  nozzle; 
P0PH  -  ratio  of  pressures  at  outlet  and  in  combustion  chambers; 

U  -  molecular  weight  of  combustion  products,  nt  *  [1  -  (ph/Pq)H~^H] 
-  thermal  efficiency  of  engine. 

Thermal  efficiency  (In  addition  to  ratio  p  /pn)  describes  that 

HU 

part  of  the  thermal  energy  which  Is  released  during  combustion  of 
the  fuel  and  is  converted  directly  into  work. 

Let  us  briefly  examine  the  effect  of  the  main  parameters  on 
quantity  tJ  in  order  to  determine  the  way  in  which  the  metal  addi¬ 
tives  affect  the  power  of  the  fu.^. 

1.  As  it  increases  ratio  Pi(/P0  has  a  favorable  effect  on  the 
specific  impulse  value  (Fig.  122)  In  the  range  of  low  values  of 
pu  <  20  atm.  A  pressure  increase  causes  complete  burn-up  of  the 


fuel  and  suppresses  dissociation  of  the  combustion  products  at 
high  temperatures.  Yet  along  with  this  there  are  certain  limita¬ 
tions  which  are  imposed,  first,  by  the  design  features  of  the 
engine  and,  second,  by  the  fact  that  increasing  pressure  places 
an  undee-frable  burden  on  the  system.  Thus,  the  optimal  working 
pressure  range  is  not  high  and  generally  lies  in  a  range  of 
30-100  atm. 


2.  Temperature  T  is  determined  by  the  energy  characteristics 
of  the  fuel.  The  specific  impulse  and  the  exhaust  velocity  of  the 
gas  from  the  nozzle  of  the  engine  are  directly  proportional  to  the 
square  root  of  T  .  Thus,  it  is  desirable  to  use  a  fuel  with  a 
high  flame  Jet  temperature.  Yet  even  here  there  are  limitations. 
The  first  is  related  to  heat  insulation  of  the  engine.  The  high 
temperature  increases  demands  on  the  materials  of  the  chamber  and 
the  nozzle.  The  second  limitation  is  due  to  the  fact  that  at 
high  temperatures  there  is  an  increase  in  dissociation  of  gaseous 
combustion  products.  Since  dissociation  is  an  endothermic  process, 
then  in  practice  this  limits  TH  to  a  temperature  of  '\,3500°K. 


3.  The  effect  of  indicator  k  =  c^/Cy  on  *s  mor®  complex, 
since  it  exist  simultaneously  in  nt  and  in  AH.  'Hiermal  efficiency 
nt  increases  with  an  increase  in  k,  thus  causing  an  increase  in 
the  specific  impulse  (Fig.  123).  The  second  term  k/(k  -1),  which 
actually  determines  the  enthalpy  of  the  products  in  the  chamber 


(H  *  c  T  ),  conversely  decreases  as  k  increases.  As  a  result  the 
P  K 

specific  impulse  of  the  fuel  declines  slightly  with  an  increase 


in  k. 


H.  As  for  molecular  weight  p,  the  question  is  solved  unam¬ 
biguously.  In  order  to  provide  high  values  of  £7  most  desirable 
are  products  with  a  low  molecular  weight,  for  example,  hydrogen. 
To  this  we  might  add  that  as  the  combustion  products  become  more 
complex,  the  thermal  efficiency  of  the  engine  declines.  When 
PK/p0  *  50  for  diatomic  gases  (H2,  N2,  CO,  Cl)  3  0.582,  for 
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trlatonvlc  (C0o,  H.,0)  -  0.^6,  and  for  pentatomic  gases  -  nt  - 

-  o.2^e. 

Figure  12l|  shows  how  the  specific  impulse  magnitude  changes 
for  a  simultaneous  change  in  temperature  and  molecular  weight. 

Thus,  in  order  to  increase  the  specific  impulse  of  the  fuel 
we  must,  find  a  composition  whose  combustion  products  would  have 
increased  enthalpy  and  a  high  combustion  temperature. 

Table  30  of  Fig.  12?  in  [*0  shows  the  heating  capacity  and 
thermal  effect  of  the  combustion  reaction  of  several  fuels  with 
ammonium  perchlorate . 

From  this  table  i  is  evident  that  the  power  characteristics 
of  beryllium,  aluminum,  boron,  and  magnesium  are  significantly 
greater*  than  those  of  hydrocarbons  (mixed  with  APC).  The  most 
advantageous  of  the  these  is  undoubtedly  beryllium.  Thus,  despite 
the  fact  that  beryllium  is  difficult  to  use  because  of  the  toxicity 
of  its  combustion  products, a  number  of  foreign  firms  are  conducting 
an  Intense  study  on  beryllium  solid  rocket  fuels. 

Figure  126  shows  how  the  specific  impulse  of  a  fuel  consisting 
of  ammonium  perchlorate  and  polyester  changes  as  aluminum, 

boron,  and  magnesium  are  introduced.  Although  the  boron  has 
greater  energy  per  unit  weight,  the  most  effective  is  the  aluminum. 
Even  If  a  correction  is  made  for  two-phase  losses,  aluminum  still 
provides  a  thrust  increase  of  up  to  10  units. 

The  energy  parameters  of  bindry  mixtures  of  a  metal  and  an 
oxidizer  can  be  correctly  evaluated  from  the  data  presented  in 
Table  31. 

Based  on  their  specific  impulse  with  ammonium  perchlorate  the 
metals  are  arranged  in  che  following  order:  Al,  B,  Mg.  This 
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Pig.  122.  Specific  impulse  J  as  a  function  of  ratio  Ph/Pq 
for  different  value  os  k(pQ  =  1  atm;  Q  =  1000  Cal/’kg)  . 

Fig.  123.  Effect  of  magnitude  of  k  on<^/(^rnax  (p  /Pq  =  20; 
T  «  3000° K). 


Fig.  124.  ^  Fig.  125. 


Fig.  124.  Specific  impulse  as  function  of  temperature 
of  combustion  products  T  ,  their  molecular  weight  y, 

and  specific  heat  ratio  k  for  a  mixed  APC  -  poiyether 
fuel  (p  =  70  atm) . 

H 

Fig.  125.  Rate  of  values  of  thermal  effect  in  combus¬ 
tion  reaction  of  solid  rocket  fuel  consisting  of  APC 
and  various  combustibles  as  a  function  of  the  concen¬ 
tration  of  combustibles:  1  -  Al;  2  -  Be;  3  -  polyure¬ 
thane  rubber;  4  -  polysulfide  rubber;  5  -  carbamide 
resin;  6  -  butadiene-styrene  rubber. 
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Table  30.  Energy  properties  of  fuels  for  mixed  solid  rocket 
propellants  [287]. _ _ ' _ 


Fuel 

Enthalpy 

Q,  Cal/kg 

Thermal 
effect  of 
reaction 
with  APC 
(a  =  1), 
Cal/kg 

Rubber 

natural 

10,270 

960 

butadiene-styrene 

9,530 

930 

polysulfide 

5,600 

880 

polyurethane 

5,115 

810 

Resin  j 

phenol- formaldehyde 

7 , 540 

950 

carbamide 

3,495 

935 

polyester 

5,070 

LT\ 

oo 

OO 

epoxy 

7,317 

920 

Plastics 

poly  isobutylene 

10,475 

950 

polymethyl  methacrylate 

6,138 

930 

polyvinyl  chloride 

5,380 

872 

polyamide 

7,168 

913 

nitrocellulose 

2,250 

837 

Metals 

aluminum 

7,450 

2060 

beryllium 

16,210 

2600 

lithium 

13,950 

2360 

magnesium 

6,000 

2040 

boron 

13,950 

i860 
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Pig.  126.  Change  in  specific  impulse 
of  mixed  composition  when  Al ,  Mg,  and 
B  are  introduced  [288].  1  =  10%;  Al; 
2  -  15%  Al;  3  -  105?  Mg;  4  -  5%  B;  5  - 
original  composition. 


sequence  changes  if  in  place  of  NH^CIO^  we  use  NKi(NO^.  The 
optimal  concentration  of  aluminum  in  the  ammounium  perchlorate 
composition  is  approximately  50%.  In  its  energy  characteristics 
this  composition  is  10  units  higher  than  the  binary  stoichiometric 
mixture  of  rubber  +NHIJC10i4.  Yet  in  practical  application  of  these 
metals  we  must  remember  another  important  fact. 

Since  oxides  Al^O^,  BeO  and  have  high  boiling  and  melting 

temperatures,  then  at  the  temperatures  which  exist  in  the  combus¬ 
tion  oi'  ruels  with  metal  additives,  these  oxides  will  be  found  in 
the  condensed  phase.  If  the  part  by  weight  of  the  condensed  oxides 
is  designated  as  z,  then  the  apparent  molecular  weight  of  the  two- 
phase  flow  of  combustion  products  will  be  equal  to 


I* 


where  is  the  average  molecular  weight  of  the  gaseous  combustion 
products.  In  other  words,  as  the  concentration  of  the  metal  and, 
consequently,  of  the  condensate  increases,  then  the  specific 
impulse  of  the  fuel  decreases  in  proportion  to 


The  second  parameter  which  is  influenced  by  the  presence  of 
condensed  combustion  products  in  the  gas  flow  is  adiabatic  exponent 
k. 
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If  we  assume  that  the  temperature  and  velocity  of  the  particles 
and  the  gas  are  equal,  and  if  we  ignore  the  specific  volume  of 
solid  particles  in  relation  to  the  specific  volume  of  the  gases, 
then  we  can  write 

cp  =  (1  —  ;)c-p  4-  sc, 

ce  =  (1  —  s)ct.-|-  :c.  (VI.  9) 


Since  heat  capacity  c  of  oxides  AlgO^  and  MgO  is  less  than  that  of 
the  gases  c  ,  then  as  the  part  by  weight  z  of  the  oxide  increases, 
quantity  k  of  the  two-phase  flow  decreases.  In  its  final  form 
the  expression  for  calculating  the  specific  impulse  of  fuels 
containing  condensed  particles  will  be 


'  2>Ul 

//0  7 
1 

,  r. 

“L  ~ 

(  P»  \(k-l)S  ' 

2(1  —  1) 

\  Pu  )  J 

(VI. 10) 


Thus,  the  introduction  into  fuels  with  high-enthalpy  metals  increas 
on  the  one  hand,  the  efficiency  of  the  fuels  by  increasing  combus¬ 
tion  temperature  T  and  AH  and,  on  the  other,  decreases  efficiency 
due  to  the  formation  of  condensed  combustion  products.  The  final 
result  is  determined  by  the  ratio  of  these  two  factors. 


Let  us  examine  a  particular  example.  The  adiabatic  exponent  of 
the  gas  phase  k  *  1.25;  c^  =  0.^21  Cal/kg’deg.  The  specific 
impulse  is  0  **  227  kg*s/kg.  Let  there  be  10 %  condensed  particles 
(z  *  0.1)  with  a  specific  heat  capacity  of  c  =  0.35  Cal/kg*deg 
for  the  same  composition  and  temperature  of  the  gases.  According 
to  (VI. 9)  we  get  Ec  =  1.225,  while  according  to  the  formula  of 
(VI. 10)  we  find  that  D  =  218  kg-s/kg,  i.e.,  introducing  the  combus¬ 
tion  products  of  10%  of  the  condensed  phase  into  the  composition 
without  considering  the  additional  heat  release  and  increase 
decreases  the  specific  impulse  by  k%  [291]* 

The  ratio  between  z  and  T  ,  which  enter  into  the  specific 
impulse  expression,  explains  why  the  optimal  concentration  of 
metal  additive  in  the  actual  fuel  does  not  coincide  with  its 
quantity  in  the  composition  of  maximal  power. 
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Table  31.  Characteristics  of  fuel-oxidizer 
mlxutres  at  pH/pn  =  50  atm  [28?]. 


Composition  of 
fuel  mixture 

Density 
g/cir ? 

'H.  Cal/ 
kg 

3 

kg- s/kg 

Specific  g; 
formation, 
l  /kg 

NH.NO:, 

(94,5) 

.  .  • 

955 

0,-472 

198 

970 

CnH?  ii 

(5.5) 

NfcsCIO, 

(in  •.  n) 

1.77 

1200 

0.486 

232 

810 

C  H  , 

(it  ii 

NM.CtO, 

(fiK,5) 

— 

1 260 

0,-49 

232 

— 

CcHj(NO 

.III;.  (31.5) 

trinitrotoluene ) 

HOC, 

(8S| 

— 

805 

<*.48 

ISO 

530 

C„H  , 

(»2) 

K  CIO, 

(65) 

1.92 

1300 

0,48 

234 

650 

C„H;„ 

(15) 

NW  iNO:i 

((!") 

2,02 

1(1,0 

0,52 

203 

— 

Al 

(V.t) 

NH.CIOi 

(01,-s) 

2,10 

1250 

0,53-4 

242 

514 

Al 

(•is, 2) 

N  H  iCI<  >i 

(SO) 

2.  Of, 

1500 

0,48 

254 

66-  • 

B 

(20) 

LiOOi 

(55,0) 

2.5', 

1 560 

1  O.'.o 

2i)2 

— 

Al 

(44,4) 

NH  <  H‘i 

<7S) 

1.70 

15.10 

0,51 

2C0 

B,  Hu 

(22) 

NH.NMj 

(•r>2) 

— 

2.300 

0.582 

218 

440 

M«r 

(43) 

NH.Uo, 

(71) 

-■ 

2-440 

— 

2140 

314 

Mr 

(20) 

K  N« 

(89,2) 

— 

■450* 

0  /  iliM 

120 

530 

,<U 

(10,8) 

ov>.„ 

(82,3) 

— 

2190 

0,42 

283 

_ 

II 

(17,7) 

C(VM, 

(64,5) 

1.91 

1800 

0,42 

253 

— • 

VI 

(35,5) 

c<\n.)i 

(80,5) 

1.4-4 

2150 

0,48 

300 

_  , 

Hi'.lli, 

(10,5) 

l: 

(81,5) 

— 

3180 

0.248 

26-4 

320 

O. 

(08,5) 

Al 

(51.3) 

— 

2200 

0,248 

220 

220 

<>. 

(15,7) 

1 

*770  Cal/kg  when  K?0  is  in  solid  state. 


The  optimal  concentration  of  aluminum  in  compositions  where  rubber 
or  polyurethane  resins  are  used  as  fuels  is  18-2055  on  the  average. 
The  increase  in  specific  impulse  achieved  by  introducing  A1  reaches 
6-856.  In  absolute  magnitude  the  specific  impulse  of  the  poly- 
urethane-APC  composition  increases  to  240-250  kg-s/kg,  and  up  to 
250  kg*s/kg  when  nitrided  binding  agents  are  used. 

Figure  127  shows,  using  a  stoichiometric  composition  of  poly¬ 
propylene  and  APC  as  an  example,' how  the  specific  impulse  magnitude 
changes  when  the  oxidizer  is  replaced  by  finely  dispersed  powder 
aluminum . 

It  is  characteristic  that  despite  substantial  differences  in 
absolute  values,  the  experiment  rather  fully  reflects  the  course 
of  the  calculated  curve  right  up  to  18-20%  aluminum.  Yet  past 
this  point  the  experimental  magnitude  of  specific  impulse  falls 
much  more  drastically  than  one  might  expect  from  the  thermodynamics 
data.  The  explanation  for  this  is  that  beginning  at  a  certain 
limit  in  the  given  micromotor  (page  75)  chemical  losses  resulting 
from  incomplete  combustion  of  the  aluminum  rise  sharply. 

Using  a  fuel  composition  of  a  nitrided  combustible  and  TNT  one 
can  easilj  study  the  limits  within  which  the  energy  characteristic 
of  the  systems  change  under  a  discrete  substitution  of  aluminum 
for  each  of  the  components.  Since  the  stoichiometric  composition 
in  the  given  APC-TNT  mixture  is  68.5/31.5,  and  72/28  for  the 
ammonium  perchlorate-aluminum  mixture,  then  the  range  in  which 
aluminum  replaces  TNT  and  APC  s  very  wide  with  respect  to  weight 
(Fie-  128). 

The  effectiveness  of  using  aluminum  in  j.lace  of  the  oxidizer 
is  7-8  units  higher  with  respect  to  the  specific  Impulse  than 
using  it  in  place  of  the  nitrided  combustibles.  A  qualitatively 
similar  pattern  is  observed  when  magnesium  and  boron  additives 
with  a  high  heating  value  are  added  (Fig.  129). 
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Fig.  127.  Change  in  specific  impulse  of  PP- 
APC  system  when  finely  dispersed  aluminum 
(p  =  ^0  atm)  is  introduced.  1  -  calculation*, 

2  -  experiment . 


Fig.  128.  Change  in  specific  impulse  of  TNT-APC 
system  when  finely  dispersed  aluminum  is  added 
(p  =  40  atm).  1  -  in  place  of  oxidizer;  2  -  in 
place  of  TNT. 
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Fig.  129.  Effect  of  Mg  (in  place 
of  APC)  additive  on  e?  (p  -  ^0  atm). 
Experimental  data. 


Thus,  metal  additives  can  be  introduced  into  mixed  solid  rocket 
propellants  in  the  place  of  the  polymer  combustible  or  the  oxidizer. 
Yet  the  ultimate  increase  in  specific  impulse  gained  by  reducing 
the  combustible  is  lower  and  is  achieved  at  a  lower  concentration 
of  the  metal  combustible  in  the  fuel  than  that  obtained  by  decreas¬ 
ing  the  oxidizer.  A  combined  substitution  is  possible. 


CHAPTER  VII 

EFFECT  OF  METAL  ADDITIVES  ON  COMBUSTION 
RATE  OF  CONDENSED  SYSTEMS 


§  1.  Combustion  Rate  of  Condensed 
Systems  with  Metal  Additive 

The  rate  of  combustion  of  a  fuel,  as  well  as  the  nature  of 
the  dependence  of  the  combustion  rate  on  the  properties  of  the 
fuel  and  on  the  conditions  under  which  it  burns  are  some  of  the 
most  important  factors  used  to  determine  the  applicability  of 
a  fuel  for  one  cr  another  purpose. 

Condensed  systems  are  distinguished  by  an  exceptionally 
great  diversity  in  purpose,  the  properties  of  their  components, 
the  ratio  between  the  components  and  the  nature  of  the  fuel 
and  the  oxidizer.  Thus,  condensed  systems  can  be  broxen  down 
into  mixed  solid  fuels  lor  rocket.  Jet,  and  hydraulic  jet  engines 
[  ^ ,  8,  lr>6,  292-296],  ar.d  pyrotechnic  mixtures  (incendiary, 
Illumination,  Ignition,  and  other  compositions)  (,2j. 

There  are  two  ways  to  express  the  combustion  rate  quantita¬ 
tively:  the  linear  combustion  rate  v  can  oe  determined  (this 

rate  Is  determined  directly  In  the  experiment),  and  then  from 
the  known  value  of  the  linear  rate  the  mass  combustion  rate 
u  •  pv  can  be  determined,  where  p  is  the  density  of  the  compositl 
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For  condensed  systems,  as  well  as  gas  mixtures,  the  combustion 
rate  changes  significantly  with  a  change  in  the  pressure  at  which 
the  fuel  burns,  and  this  dependence  v(p)  is  often  approximated 
at  a  constant  temperature  by  the  exponential  function: 


v~bp\  (VII.l) 

However,  in  literature  the  combustion  rate  has  often  been  represented 
as  a  binomial  formula  in  the  form  of 


p-a  +  bp’,  (VII.  2) 

which  describes  the  experimental  values  with  sufficient  accuracy 
and  over  a  broad  pressure  range.  Evidently  formula  (VII.l)  is 
a  particular  case  of  formula  (VII. 2)  (a  *  0),  yet  it  is  better 
to  use  the  monomial  formula  (VII.l)  (breaking  down  the  entire 
range  into  the  necessary  number  of  segments),  since  this  form 
of  dependence  v(p)  is  convenient  for  comparison  to  the  theory 
[289,  297]  and  in  calculating  pressure  in  the  combustion 
chamber  of  an  engine  operating  on  solid  fuel  [156,  287,  296]. 

An  investigation  in  which  the  combustion  rate  of  nitroglycerin 
powders  N  arid  ND  with  aluminum  added  [173]  was  studied  as  a  function 
of  pressure  showed  (Fig.  130)  that  the  combustion  rate  cf  such 
compositions  can  be  described  by  equations  characteristic  of  pure 
N  and  NB  fuels.  From  the  results  of  the  experiment  the 
exponent  v  *  0.82-0.86  for  a  composition  of  N  +  Al,  i.e.,  the 
same  as  for  pure  N  powder  (v  *  0. 8-0.9);  for  the  composition 
consisting  of  NB  +  Al  v  -  0.6-0. 64,  while  without  the  additive 
v  *  0.6-0. 7  (in  a  pressure  range  of  20-80  atm). 

One  is  struck  by  the  fact  that  the  combustion  rate  of  N  and 
NB  powders  containing  aluminum  with  a  particle  size  of  350-450  urn 
increases  by  a  greater  value  with  the  Increased  percentage  of 
aluminum  than  in  the  case  of  a  smaller  particle  size  at  the  same 
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pressure.  Since  the  combustion  rate  u  ^  A0**’,  where  A  represents 
the  heat  conductivity  of  the  powder,  then  it  is  natural  to  assume 
that  the  increase  in  the.  rate  of  combustion  is  caused  by  an 
Increase  in  the  heat  conductivity  of  the  powder  with  aluminum 
added.  For  this  purpose  experiments  were  conducted  to  determine 
heat  conductivity  using  the  nonstationary  heat  flux  method  [298], 

In  the  experiments  a  differential  copper-constantan  thermo¬ 
couple  with  a  wire  diameter  of  0..  1  mm  was  used.  One  Junction  of 
the  thermocouple  was  introduced  into  the  specimen,  the  other  was 
placed  in  a  thermostat  with  water,  whose  temperature  was  held 
constant  during  the  experiment  (60°C).  The  specimen  was  immersed 
in  the  thermostat  at  20°C.  Thus,  all  quantities  by  which  heat 
conductivity  was  determined  referred  to  an  average  temperature  of 
40°C . 


Fig.  130.  Combustion  rate  of  metallized  ballistic 
powders  as  a  function  of  pressure. 

a)  Powder  N  +  9%  Al.  Particle  size  of  A1  (in  yra) : 
1  -  350-450;  2  -  40-70;  3-^,1  um;  4  -  powder  N. 

b)  Powder  NB  +  1 3*  Al.  Particle  dimension  of  Al 

(in  pm) :  1  -  350-450;  2  -  160-280;  3  -  40-70  pm; 

4  -  NB. 

Designations:  cn/ceH  =  cm/s;  stm  ■  atm. 
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Pig.  131*  Change  in  heat  conductivity  of 
N  powder  as  a  function  of  percent  of 
additive  and  particle  diameter  of  A1  (in 
pm) :  1  -  350-450 ;  2  -  <1. 

Designation:  Kan/cn* csk .rp3fl  ■  cal/cm*s -deg. 


As  we  see  in  Pig.  131,  the  heat  conductivity  of  N  powder 
with  aluminum  added  increases  with  the  percent  concentration  of 
aluminum  and  the  increase  in  particle  size. 

Interesting  from  the  standpoint  of  studying  the  combustion 
mechanism  of  solid  fuels  with  metal  additives  are  studies  bv 
Pokhil  and  Romodanova  [299,  300]  on  the  combustion  rates  of  model 
compositions  based  on  oxidizers  KCIO^  and  NH^CIO^  with  metals 
under  vacuum  conditions  (p  %  10"2  mm  Hg) .  Steady-state,  flameless 
combustion  of  these  compositions  is  determined  by  the  reactions 
occurring  in  the  reaction  layer  of  the  condensed  phase  with  a 
total  exothermic  heat  effect  on  the  combustion  surface  of  the 
metal.  Here  the  initial  combustion  stage  (flameless  combustion) 
is  achieved  by  the  formation  of  a  smoke-gas  combustible  mixture, 
which  later  burns  down  under  certain  conditions  in  the  zone 
above  the  charge  surface  to  final  combustion  products. 

The  subjects  of  the  study  were  stoichiometric  compositions 
based  on  the  oxidizer  KCIO^  and  fuels  W,  Zr,  Mo,  and  Ti  and  the 
oxidizer  NH^CIO  with  A1  and  Mg.  The  charges, 5  mm  in  diameter, 
were  compressed  to  maximal  density  • 

It  was  learned  that  compositions  based  on  potassium  perchlorate 
can  burn  steadily  and  flamelessly  In  a  vacuum  (p  £  10”2  mm  Hg)  not 
only  at  room  temperature,  but  also  at  a  negative  temperature. 

Thus,  compositions  of  KCIO^  +  Mo  (25-60  ym)  and  KCIO*,  +  Zr 
(20-60  ym)  burn  at  an  initial  temperature  of  -30°C;  the  composition 
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KCIO^  +  W  (d  £  60  pm)  begins  to  burn  at  a  specimen  temperature  i  j 

of  -5°C,  while  KClOh  +  T1  (20-^0  pm)  can  burn  steadily  in  a  j 

vacuum  only  when  preheated  to  200°C.  Charges  based  on  NH^CIO^  with  j 

aluminum  (d  £  1  pm)  and  magnesium  (d  £  10  pm  and  80-90  pm)  burned 

in  a  vacuum  only  when  preheated  to  a  temperature  exceeding  200°C 

(Table  32).  Here,  compositions  containing  aluminum  particles  i 

measuring  20  pm  in  diameter  generally  cannot  ignite  at  pressures  ' 

-2  ' 
of  10  mm  Hg,  although  mixtures  based  on  KCIO^  and  NH^CIO^ 

with  aluminum  particles  of  less  than  1  pm  burn  quite  intensely 

with  an  explosion.  j 


Table  32.  Combustion  characteristics  under 
vacuum  conditions  (p  «  10“2  mm  Hg)  of  composi¬ 
tions  based  on  oxidizers  KCIO^  and  NH^Clo'^. 


Particle 

Initial 

Surface 

| 

Composition 

size  of 
metal . 

U  m 

tempera¬ 
ture  of 
specimen, 
°C 

tempt ra- 
ture, 

°C 

Combus¬ 
tion  rate, 
san/s 

metal  re¬ 
acting  with 
oxidizer 

! 

Kf.K*i-r  Al 

1 

260 

Note* 

7.0 

! 

,\| 

J<>— 60 

Does  not 

- 

— 

ignite 

M 

70— tOA 

— 

- 

Mi 

10 

2!l0 

79ft 

C,  19 

4.» 

1 

y*— 

290 

7<*M 

ft,!'* 

— 

M/Mg 

jfl— |i"»i 

280 

820 

0,15 

A!  ~n.fi 

Me  —  fi.  ft 

W 

so 

2 ft 

850 

0,22 

12 

w 

10.1 

20 

- 

0.12 

Mu 

fr» 

JO 

CIO 

— 

— 

Zn 

20—10 

2ft 

860 

0,15 

7,0 

! 

Ti 

2O-10 

200 

640 

— 

— 

| 

MliCIO*-  Al 

' 

t 

450-  500 

Note1 

_ 

j 

Al 

20 — 00 

Does  not 
Ignite 

— 

- 

— 

I 

i 

Al 

70  — 100 

The  same 

— 

— 

— 

I 

Mg 

to 

200 

510 

0.086 

— 

Mg 

pn-90 

200 

420 

0.044 

— 

* 

Mo 

25-60 

200 

530 

- 

— 

i 

Al  ’Mg 

10-10* 

20 

MO 

.  0.073 

- 

\Y 

C>ft 

20 

560 

— 

— 

Zn 

20—40 

230 

540 

— 

, 

Zn 

20-40 

20 

470 

0.061 

i 

Ti 

20—40 

— 

515 

— 

— 

i 

i 

‘Combustion  is  intense  with  explosion.  Thermo¬ 
couple  torn  off. 
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In  view  of  the  fact  that  the  aluminum  is  covered  with  a 
solid,  durable  oxide  film,  for  compositions  based  on  potassium 
,and  ammonium  perchlorates  and  aluminum  spontaneous  ignition  is 
more  difficult  than  for  compositions  based  on  the  same  oxidizers 
and  magnesium. 

The  increased  temperature  of  the  surface  of  compositions 
based  on  potassium  perchlorate  and  metal  combustibles  in  the 
case  of  flanu-less  burning  in  a  vacuum  up  to  7QO-800°C  and  for 
compositions^ based  on  ammonium  perchlorate  and  metal  combustibles 
up  to  500°C  is  caused  by  the  total  exothermic  process  of  deep 
composition  in  the  reaction  layer  of  the  condensed  phase  of  the 
mixtures.  As  we  see  in  Table  32,  the  flameiess  combustion  rate 
of  the  composition  depends  o.’  the  particle  size  of  the  fuel. 

The  smaller  the  3ize  of  the  metal  particles,  the  greater  will 
be  the  rate  of  flameless  combustion.  A  similar  relationship 
between  the  combustion  rate  of  model  composition  consisting  of 
ammonium  perchlorate,  poly formaldehyde ,  and  metal  under  vacuum 
conditions  (p  £  1  mm  Hg)  and  the  particle  size  of  the  aluminum 
and  magnesium  was  obtained  in  [1733- 

The  effect  of  the  metal  particle  diameter  on  combustion 
rate  under  increased  pressures  has  been  specially  studied  in 
[301].  Experimental  data  [156]  show  that  for  the  gasified 
components  dependents  U(d)  is  relatively  weak,  and  the  integral 
of  change  due  to  the  charge  in  d,  which  is  described  by  the  quantity 
0  ■  (ratio  of  combustion  rate  of  limiting  finely  dispersed 

mixture  UQ  *  UjdmQ  to  the  combustion  rate  of  the  limiting 
coarsely  dispersed  mixture  »  Ujd)aj  )  is  not  great.  Conversely, 
for  nonvolatile  conponents  the  dependence  U(d)  is  considerably 
stronger,  while  quantity  0  Is  considerably  greater.  Otherwise 
the  combustion  rate  might  change  much  more  intensely  as  a  result 
of  the  change  in  the  particle  size  of  the  nonvolatile  component 
than  as  a  result  of  the  change  In  the  particle  size  of  the  easily 
gasified  component.  N.  N.  Bakhmar.  attributes  this  phenomenon 
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to  the  nuiHa-oxohange  coefficient. ,  which  for  ayatems  oonaisting 

of  gasified  components  (fox'  axti’npi^,  an  organic  fuel  with  NH^CIO^ 

or  KClOt, ) ,  depending  on  tempex’atux'©  and  pr* -'sure ,  has  an  order 

of  A  •  W"fc-ao'  g/om.«,  and  for  mixtures  with  a  nonvolatile 

component  (for  example,  a  fuel  consisting  of  tungsten,  carbon, 

and  aluminum  with  Nli^OlO^  or  KCIO^)  A  ■  10“®-10'?^  g/om«s.  Thus 

it  follows  that  for  systems  with  gasified  components  the  mixing 

of  components  can  occur  rather  rapidly  even  in  the  warming  zone. 

Accordingly,  the  combustion  rate'  la  to  a  great  extent  determined 

by  kinetic  faotox’8,  and  dependence  U(d)  is  weak  (nonexistent  at 

rather  low  d  values,  since  mixing  is  achieved  completely  within 

the  limit  of  the  warming  zone).  On  the  contrary*  for  systems 

where  one  component  ( usually  the  oxidizer)  is  gasified  and  the 

other  is  nonvolatile,  mixing  can  only  occur  simultaneously  with 

the  reaction.  In  this  case  combustion  occurs  in  a  regime  which 

is  close  to  diffusion,  and  dependence  U(d)  (where  d  is  the 

particle  size  of  the  nonvolatile  component)  is  strong.  From 

the  dependence  of  the  combustion  rate  of  composition  W  +  KCIO^ 

on  the  particle  diameter  of  tungsten  (Fig.  132),  which  was  plotted 

in  a  logarithm  scale,  we  see  that  there  is  a  plateau  at  middle 

values  of  d  ■  .19-160  pm.  In  other  words,  at  low  values  of  d  « 

■  3-19  uni  the  dependence  U(d)  appears  strong  (U  %  1/d);  at  middle 

values  of  d  «  19-160  um  it  weakens,  thereafter  at  high  values  of 

d  *  1 60~ *  90  pm  it  again  approaches  U  •v  1/d.  If  dependence  U(p) 

v 

is  written  in  the  form  of  exponential  function  U  *  bp  ,  then 
exponent  v  will  depend  or  the  size  of  the  metal  particles 
(Table  33) .  From  the  table  it  fellows  that  the  value  of  v  is  in 
general  noticeably  higher  at  greater  J  values. 

The  theoretical  study  of  the  combustion  of  model  mixed 
powders,  representing  a  mechanical  mixture  of  two  substances  of 
different  properties,  one  of  which  was  not  easily  gasified,  the 
other  easily  gasified  (oxidizer),  conducted  in  r-  2,  303],  showed 
that  the  combustion  rate  of  the  fuel  U  should  (in  ..  diffusion 
combustion  regime)  depend  on  pressure  and  particle  size  as 
follows  : 
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If,  however,  we  assume  that  the  particles  begin  to  react  (burn) 
in  the  diffuyion  regime  immediately  after  they  leave  the  surface 
of  the  condensed  phase  (taking  into  account  the  actual  movement 
of  the  particles),  then  the  combustion  rate  dependence  can  be 
represented  in  the  form  of 


(VII. 4) 


j 

i 


Fig.  132.  Combustion  rate  of 
composition  with  90 %  W  +  10 % 
KClOjj  as  a  function  of  particle 

diameter,  a  -  10,  b  -  50; 
c  -  100  atm. 


Table  33.  Exponent  v  as  a  function  of  particle 
size  of  the  metal. 


Mixture 

composition 

u  | 

1...  _  *_ 

2,7  urn 

10  pm 

<•«  pm 

3?o  jjm 

5r*  pm 

80%  w 

KCIOl 

n.',3 

0.21 

1 

-  1 

(V,:i 

90%  " 

ion;.  Koto, 

0,2 

0.2:; 

■  i.jn  | 

0,12 

n,  ;n 

0,3" 

9S%  u 

KC.M'i 

o.l 

0,20 

— 

o..')3 

— 
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As  we  see,  there  is  qualitative  agreement  between  the  theory 
and  the  experiment  for  fine  particle  fractions  of  2.7  and  19  ym. 

The  experimental  dependence  for  a  mixture  consisting  of  90$  W  + 

+  10$  KCIO^  was  obtained  in  the  form  of  U  ^  p  3  at  d  %  2.7  ym 

and  U  'v  p  *  with  d  ^  19  ym,  the  theoretical  -  from  expression 
(VII.  4)  in  the  form  of  U  'v  p®*^.  Yet  it  is  too  early  to  speak 
of  quantitative  agreement.  First,  in  the  theoretical  studies  it 
was  assumed  that  the  particles  begin  to  react  from  the  moment 
that  their  velocity  coincides  with  that  of  the  gas  stream  flowing 
off  of  the  surface  of  the  fuel,  i.e.,  that  there  is  no  velocity 
lag  (this  condition  requires  d  <  0.1  ym) ;  second,  a  stoichiometric 
mixture  was  studied,  noc  a  super-rich  mixture  (the  part  by  weight 
of  the  tungsten  was  very  high  -  0.9).  This  is  even  truer  of 
mixtures  with  large  tungsten  particles. 

Romodanova  [300]  studied  the  dependence  of  the  combustion 
rate  of  the  stoichiometric  mixture  of  NH^CIO^  on  the  activity 
of  aluminum  powder  (d  _<  1  ym)  in  a  pressure  range  of  1-120  atm. 
Aluminum  with  activities  of  75,  83,  and  99$  were  taken.  From 
the  results  shown  In  Fig.  133  we  see  that  the  activity  of  the 
aluminum  has  no  effect  on  the  nature  of  the  combustion  rate/pressure 
dependence.  In  the  low-pressure  range  an  Increase  in  the  combus¬ 
tion  rate  is  observed,  and  this  reaches  a  maximal  value  for  a 
composition  of  NH^CIO^  +  A1  with  an  aluminum  activity  of  75$  in 
the  pressure  range  65-70  atm,  for  a  composition  with  an  axuminum 
activity  of  83$  -  in  a  pressure  range  of  65-75  atm,  and  for  a 
composition  with  aluminum  activity  of  99$  -  the  pressure  range 
of  80-90  atm.  As  pressure  continues  to  increase  up  to  the  maximal 
value  the  combustion  rate  of  the  mixtures  indicated  above  decreases. 


Fig.  133.  Combustion  rate  as  a  func¬ 
tion  of  pressure. 

Mixtures:  1  -  NH^CIO^  +  Al;  2  - 

NH^CIO^  +  Al  +  0.5$  v2°5i  3  -  NH^ClOjj  + 
+  Al  +  0.5  Fe^O^- 
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When  0.5$  Fe203  or  VgO^  are  added  t0  NH4G104  +  A1  n0  maximum  is 
observed  for  the  curves  representing  the  combustion  rate  as  a 
function  of  pressure.  Hence  it  is  apparent  that  additions  of 
Fe20^  and  V20^  may  not  only  increase  the  combustion  rate  of 
NH^ClOjj  +  Al,  but  also  change  the  nature  of  the  combustion  rate 
dependence . 

Vanadium  pentoxide  may,  when  it  reacts  with  metal  oxides, 
form  vanadates.  The  corresponding  change  in  volume  which  occurs 
here  is  accompanied  by  the  formation  of  a  porous  film,  which 
has  a  poor  bond  with  the  metal.  Here,  very  small  quantities  of 

[30^]  are  required  to  cause  prolonged  acceleration  of  the 
oxidation  process. 

Brasunas  [305]  and  Monkman  [306]  performed  a  chemical  analysis 
of  the  oxide  film  and  found  that  on  the  interface  between  the  metal 
and  the  oxide  the  concentration  of  vanadium  is  greater  than  its 
average  concentration  in  the  film  (less  than  5$).  Studies  on  the 
effect  that  the  nature,  dispersion,  and  percent  of  metal  additives 
in  a  wide  pressure  range  with  different  types  of  oxidizers  have 
on  solid  rocket  propellants  were  performed  in  [156,  283],  Bitumen 
was  used  primarily  as  the  binding  agent. 

As  we  see  from  Tables  34-36,  the  combustion  rate  has  a  rather 
strong  dependence  on  the  dispersion  of  the  metal  and  a  somewhat 
lesser  dependence  on  the  percent  of  the  additives,  the  ratio  between 
the  fuel  and  the  oxidizer  depending  on  the  dispersion  of  the 
oxidizer,  and  on  the  pressure.  Thus,  the  combustion  rate, 
even  in  an  overwhelming  majority  of  cases >  decreases  (Z  <  1)  when 
large  particles  of  aluminum  (d  >_  190  Mm)  are  introduced  into  the 
model  mixture,  whereas  sub-dispersion  particles  (d  »  0.09  urn) 
increase  the  combustion  rate  by  Z  ■  2. 0-2. 5  times  (it  should  be 
mentioned  that  a  composition  of  poly  formaldehyde ,  APC,  and  Al 
(d  <  1)  burns  in  a  vacuum  with  an  explosion  [173]). 
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Table  31*. 
combustion 


Efrect  of  large  metal  particles 
rate  [2833. 


on 


Oxidizer 


e 

a 


Mf.CIOi 


KCIO, 


|0 

,10 

10 

180 

|.v> 

1811 

1<» 

1811 

10 

10 

I" 


E 

a 


*>  n 
cti 

•.* 


V 


Z-LV, 


0  atm 
Rgage 


j  atm  }to  atm  Iso  atm 
gage  Xgage  I,  gage 


1.3 
1.0 
0,75 

1.3 

1.0 

1.0 

1,0 

t.o 

1.0 

t.o 


10 

10 

200 

10 

200 


1,0 
1.0 
i  ,0 
0,75 
0,75 


Al 

Al 

Al 

Al 

Al 

Al 

Al 

Al 

At 

Mg 

\V 


Al 

,VI 

Al 

Al 

Al 


190 

190 

190 

I'jO 

lit' 

1‘Jf* 

!!«■» 

19" 

56*1 

11(0 

a'." 


170 

son 

170 

190 

190 


1.7.1 

13.1 

13.1 

13.1 

13.1 

17.1 

31.1 

31.1 

13.1 

13.1 

13.1 


I 


0,00 


0,95 


1.1,1 

13,1 

13,1 

13,1 

13,1 


0,9-3 

1,1 

"73 


1 .09 


<t,92 

0,86 

0,00 

0.9! 

1,1 

",97 

".81 

0,88 

0,93 


1.0 

0,85 

0,95 

0,97 


1.1 

0,88 

0,98 

0.97 


I. 05  I  I, "2 


0.93 


'•.“I 


1 


0,90 

0,98 


0.92 

0.99 


l.oO 

0,93 

0,79 


o,!i2 
•',92 
I  ,"2 
0,87 


0,95 

0,95 

1.1 

0,95 

0,90 


o,92 

O.SJ 

0,90 

o,9«i 

1.07 

0.96 


too  a 
(gag 


1 .03 
l."5 
0.80 
0,92 
0,80 


1.0 

0,9; 

i.o 

i.i 

o,u; 

o.!'; 

0,9> 

o.v 

0,9 

1.01 

1,0 

1.07 

0,91 

0.71 

0.6.1 

0,81 


Table  35.  Z  is  a  function  of  d  with  additio 


of  13. 1Z  finely  dispersed  aluminum. 


Oxidizer 

i 

£ 

a 

J 

• 

* 

!  E 
a. 

1  V 

1 _ _ _ * _ _ _ 

t  atm 
(gage J 

i  atm 
(gage  I 

1 

10  atm 
(gage ) 

so  atm  j 
(gage  1 

loo  ati 
Igage 

MIK.IO4 

10 

o,75 ; 

0.09 

1,95 

1,58 

1,53  j 

1,09 

1,63 

3 

1,23 

1,26 

1,33 

1,21 

1,38 

(2 

j  1.09 

1.15 

1 .03 

1,10 

1,11 

18(( 

0.75 

!  0  09  1 

2," 

1.61 

1,73 

1.37 

1,22 

!  1 

1  12  i 

1,33 

1,3  j 

1.12 

0.99 

I  0,95 

KClOt 

10 

|  f 

1  J." 

0,2 

0, 53 

2.72 

2.31 

1.05 

1,G9 

12 

1/.5 

1 .31 

1,20 

1.06 

1,05 

200 

1.0 

0,2 

1,1 

2  75 

2.62 

2.23 

1,93 

1 

12 

1.2. 

1,26 

1,20 

0.92 

0,85 

Table  36.  Effect  of  percent  added  of  finely 
dispersed  aluminum  on  combustion  rate  of 
stoichiometric  mixtures  of  an  oxidizer  and 
bitumen. 


Oxidizer 

fc‘ 

a. 

.j! 

E 

3. 

r'i 

Metal . 
percent 

2 

i  atm 
(gage! 

s  atm 
(gage  S 

to  atm !  :o  atm 
(gage )l  (gage) 

tco  atm 
(gage) 

Ml. CIO* 

6,5 

1.15 

1 .« *7 

l,»7 

1,01 

10 

0.09 

13,1 

1 ,72 

1.63 

i .  r.3 

1,63 

— 

31 ,  i 

3 .  if. 

3,  it! 

3.8 

-- 

2,87 

100 

0,09 

13,1  ' 

1 .65 

1.73 

1 , 7(5 

1,62 

1,51 

31,1 

3,41 

3.02 

2,76 

2,70 

2,37 

KCIO, 

6,5 

2.3 

— 

2.02 

1,58 

1,34 

10 

0,2 

13.1 

6,45 

2,72 

2.31 

1 ,05 

1,09 

0,09 

31,1 

— 

-- 

2,74 

2,23 

2,1 

Table  37.  Combustion  rate  of  some  composi¬ 
tions  consisting  of  an  oxidizer  (^10  yrc)  + 

+  bitumen  +  31.1$  A1  (0.09  ym) . 


|  v.  mm/s 

Oxidizer 

a* 

j  o  atm 

1  (gage) 

r.  atm  j 
(gage) 

to  atm 
(gage) 

i 

:o  atm 
(gage) 

too  atm 
(gage) 

MlsClO, 

1  1 

5,4 

19,5 

32,3 

56 

86.1 

0,75 

5.75 

13,5 

25,8 

60,8  j 

1  — 

14010, 

'  I 

— 

i 

18.4 

13,4 

79 

However,  the  increase  in  the  combustion  rate  (Table  37)  is 
far  from  proportional  to  the  decrease  in  the  aluminum  particle 
size.  This  is  due  to  the  fact  that  on  the  surface  of  a  burning 
charge  the  metal  particles  fuse  and  form  relatively  large  drops. 

The  greater  the  percent  of  additive  and  the  smaller  the  particle 
size,  the  greater  will  be  the  extent  of  the  fusion  [173-251] 

(the  initial  particles  fused  into  a  single  particle).  Thus,  the 
particles  which  burn  on  the  charge  surface  and  in  the  flame 
jet  greatly  exceed  the  original  particles  in  size.  However,  the 
large  particles  (d  _>  160  ym) ,  although  not  subject  to  fusion, 
have  no  substantial  reaction  on  the  surface  or  near  the  surface 
of  the  charge,  b^t  only  take  up  heat  for  their  heating  and  melting. 
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Indicator  v  in  the  formula  u  -  bpv  undergoes  a  rather 
unusual  change  when  finally  dispersed  aluminum  is  added  (Table.  38)* 


Table  38.  Effect  of  adding  finely  dispersed 
aluminum  on  Indicator  v  in  formula  U  =»  bpv 
(indicator  vQ  refers  to  original  system  without 

aluminum  added) . 


Fuel 

1  Oxidizer 

1  ■  i 

|  • 

I  ym 

** 

■'ai. 

ym 

AI.  •„ 

v„ 

V 

i  . 

Pre  ssuri 
atm 

Plexiglas 

MliCIO* 

(> 

•  j 
1 1 .  c.i; 

2,7 

l‘» 

0 

0,19 

in— 1;  > 

0,83 

2,7 

|0 

0.37 

, 5  • 

iO-li  1 

Bitumen 

MI.CIOi 

0,09 

1-3.1 

0,5  i 

0. 13 

)0-|(M 

0.75 

3 

AM 

‘ 

0.12 

iso 

12 

13.1 

0,51 

0,  l.s 

1' 1-109 

1/- 

0,09 

13,1 

",5i 

0, 195 

1 0—l  1.1(1 

",09 

31,1 

0,51 

0,19 

i" 

1 ,0 

0,09 

!  i  i,i 

U.57 

0.(19 

l(i--|Otl 

Bitumen 

K  CIO. 

10 

2,0 

0,2 

1  ;.i 

0.1)2 

0,50 

- 1  '0 

12 

13,1 

0,02 

0,(10 

5—100 

0,2 

13.1 

0,05 

0.55 

5—190 

i 

1  200 

j 

1.0 

12 

13,1 

0,(S5 

0,53 

5—100 

j 

0,2 

0.5 

0,75 

0.01 

19— lo0 

10 

1,0 

12 

13,1 

0,75 

0,09 

5 — !«.».> 

As  we  see  in  Table  38,  if  the  combustion  rate  of  the  model 
mixture  without  the  metal  additive  can  be  described  by  an 
exponent  of  <0.5,  then  the  metal  increases  the  combustion 
rate  less  intensely  at  low  p  values  and  more  intensely  at  high 
values.  If,  ho'^vcr,  vQ  3^  0. 5-0.6,  then,  conversely,  the  metal 
weakens  the  rate/pressure  dependence. 

The  effect  of  the  additive  on  the  combustion  rate  of  SRP 
can  be  explained  based  on  the  thermal  conbustion  theory  of  [2973* 
As  Logachev  and  Pokhll  were  the  first  to  prove  in  [172],  the 
metal  begins  to  react  in  the  reaction  layer  of  the  condensed 
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phase  of  the  charge  with  a  positive  thermal  effect.  Here,  due  to 
heterogeneous  reactions  in  the  initial  stage,  aluminum  and 

5-7%  magnesium  (depending  on  the  particle  size  of  the  metal 
introduced  into  the  SRP)  of  all  of  the  metal  introduced  into  the 
powder  is  oxidized.  .  This  leads  to  a  temperature  increase  on 
the  charge  surface,  and,  consequently,  an  increase  in  the  reaction 
rate  of  the  decay  products  of  the  oxidizer  and  the  binding  agent. 
As  a  consequence  we  might  expect  that  under  the  same  conditions 
(percent  of  additive  and  particle  size  of  the  metal,  pressure, 
binding  agent,  and  oxidizer)  the  combustion  rate  of  the  SRP 
charge  would  be  greater  in  a  case  where  the  metal  reacts  more  in 
the  condensed  phase  of  the  powder.  This  has  been  proven 
experimentally . 


As  apparent  in  Table  39,  the  combustion  rate  of  compositions 
containing  Mg(d  %  10  pm)  is  in  all  cases  thigher  than  the 
combustion  rate  of  compositions  with  Al(d  £  12  pm).  At  present 
it  is  difficult  to  compare  the  other  values,  first, because  of  the 
significant  change  in  the  average  particle  size  when  switching 
from  one  metal  to  another  and,  second,  due  to  a  lack  of  measurement 
data  for  certain  meta].s  on  the  thermal  effect  in  the  condensed  phase 


Table  39.  Effect  of  the  nature  of  the  metal 
on  Z  when  13. l£  metal  is  added  to  stoichio¬ 
metric  mixtures  containing  an  oxidizer  (10  pm)  + 
+  bitutn  n  [  283] . 


Oxidizer 

Metal 

**M. 

pm 

1  Z 

0  atm 
(gage) 

5  atm 
(gage) 

)  10  atm 
(gage) 

.yi  atm, 
(gage) 

11)0  atm 

1  gage ) 

■MliCIOj 

1  A1 

0,00 

1,72 

1,03 

1,53 

1,05 

A! 

12 

1,31 

— 

i  ,29 

1.14 

1.11 

M 

1 

1,32 

1.24 

1,20 

1.27 

1,10 

Mg 

10 

1,97 

1,72 

1,58 

1,30 

1,29 

Ti 

10 

1.0 

1.0 

1,0 

1,05 

1,01 

W 

2,5 

0,99 

0,99 

0,00 

1,10 

1,12 

Zn 

6 

1,04 

0,99 

0,98 

0,92 

0,78 

KCIO4 

Al 

0,2 

0,45 

2,72 

2,3) 

1,05 

1,09 

Al 

12 

1,44 

1,30 

1,20 

1,00 

1,04 

H 

1 

4,22 

1,03 

1,81 

1,20 

0,95 

Mg 

10 

3.1 

1,84 

1,72 

1,13 

0,90 

Ti 

10 

1.14 

1,11 

1,07 

0,95 

0,89 

W 

2,5 

1,12 

1,10 

1 ,09 

1,07 

1,0) 

Zn 

0 

1,0 

1 ,00 

1,08 

1.0s 

0,34 

3W 


If  the  particle  size  of  the  oxidizer  and  the  metal  is  actually 
small  and  combustion  is  considered  to  occur  in  a  regime  close  to 
kinetic,  then  Z  can  be  represented  as  [283] 


y 
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(VII. 5) 


where  E  is  the  activation  energy;  T  and  -  combustion  tempera¬ 
ture  of  oxidizer-binder  mixture  and  oxidizer-binder-metal  mixture, 
respectively. 


If  Ty.  does  not  depend  on  pressure,  then  expression  (VII. 5) 
can  be  written  in  the  form  of 


Z-  (.  I  4-  (VII.  6) 

from  which  it  follows  that  when  vQ  <  0.5  Z  should  Increase  with 
pressure,  and  when  vQ  >  0.5,  it  should  decrease.  This  is 
confirmed  experimentally  (see  Table  39)*  Prom  formula  (VII. 5) » 
just  as  from  (VII. 6)  we  see  that  the  combustion  rate  should 
Increase  as  the  particle  size  of  the  metal  decreases. 

Andreyev  and  Rogozhnikov  [28*0  studied  combustion  in  an 
ammonium  perchlorate/aluminum  powder  system,  which  under  certain 
conditions  tended  to  shift  from  combustion  to  explosion. 

The  effect  of  the  A1  concentration  on  combustion  of  ammonium 
perchlorate  was  tested  with  medium-dispersed  (6  3-160  urn)  APC. 

Pure  perchlorate  under  the  conditions  of  a  manometric  bomb  of 

O 

50  cmJ  burns  only  with  an  Igniter  consisting  of  gun  powder  (1  g) , 
and  burns  slowly  with  a  maximum  pressure  at  ^00  us.  With  21% 
finely  dispersed  (1  um)  aluminum  the  maximum  is  reached  in  20  us, 
at  25$  it  is  reached  sooner,  and  at  18,  9.5  and  5 %  aluminum 
an  explosion  occurs  in  12  us  in  the  last  two  experiments.  Thus, 
under  the  conditions  of  the  given  experiment,  the  lower  the 
concentration  of  aluminum  (within  the  studied  limits)  in  the 
mixture,  the  more  its  combustion  is  inclined  toward  explosion. 


3^0 


Here  the  greatest  increase  in  the  danger  of  an  explosion  is 
observed  for  a  concentration  of  aluminum  (5-9%)  which  is 
considerably  lower  than  that  required  for  complete  combustion. 

In  other  words,  the  maximal  heat  of  combustion  (calculated)  and 
the  tendency  of  the  composition  to  shift  to  an  explosion  do  not 
coincide.  In  this  respect  the  mixture  is  phlegmatized ,  as  it  were, 
by  the  excess  aluminum. 

Experiments  on  the  effect  of  the  concentration  of  aluminum 
powder  on  the  tendency  of  combustion  to  shift  to  an  explosion 
were  also  conducted  with  nitroglycerin  NB  powder, to  which  the 
powder  was  mechanically  admixed.  The  presence  of  moderate 
amounts  (3%  and  more  than  5%)  aluminum  noticeably  intensifies 
combustion.  A  similar  result  -  the  condition  of  combustion 
intensity  -  was  obtained  when  ^ . 8%  aluminum  powder  was  added  to 
the  composition  of  the  powder  mass.  At  10$  the  mixture  behaves 
Just  as  powder  without  the  additive. 

In  connection  with  the  marked  increase  in  the  tendency  of 
APC  combustion  to  shift  to  an  explosion  when  aluminum  is  added 
tc  it  it  is  interesting  to  study  how  aluminum  affects  the 
combustion  rate  of  APC. 

The  combustion  rate  was  determined  in  a  constant-pressure 
bomb  at  50  atm.  The  ammonium  perchlorate  was  pressed  into 
Plexiglas  tubes  measuring  10  mm  in  diameter.  As  we  see  in 
Table  *10,  the  presence  of  aluminum  not  only  increases,  but 
somewhat  even  decreases  the  combustion  rate  of  APC. 


Table  .  Effect  of  A1  on  combustion  rate  of 
ammonium  perchlorate  at  a  pressure  of  50  atm. 


Particle  alzej 
of  MH1|C104.Mm! 

- 

J  t.  g/cm 

J  Unear  com- 
(bust Ion  rate, 
•cm/  a 

Mass  cpmbut 
tion^rate , 

e/cnfic 

I 

1"  i 

«'» 

».s» 

1 

!  ",.'13 

o.fll 

t" 

.r> 

1  .M 

",31 

n.v. 

1  i  I 

1  ,11'. 

",  .10 

0.57 

1  in-  »V>  1 

1 

l,7:i 

", 37 

0.47 

Experiments  on  the  effect  of  aluminum  on  the  combustion 
capacity  of  its  mixtures  with  ammonium  perchlorate,  which  were 
conducted  in  glass  tubes  and  cones  at  a  density  of  1.1  g/cm  , 
showed  that  5%  aluminum  reduces  the  critical  combustion  diameter 
at  30  atm  from  10  to  6  mm.  The  further  increase  in  the  concentra¬ 
tion  of  aluminum  in  the  mixture  combustion  capacity  is  somewhat 
increased:  when  the  concentration  of  aluminum  is  increased 
from  5  to  25%  the  critical  diameter  decreases  approximately 
2  times . 

From  the  result  presented  above  we  see  that  adding  aluminum 
to  ammonium  perchlorate  greatly  facilitates  penetration  of  the 
combustion  into  the  depth  of  the  charge  and  the  transition  of 
combustion  to  explosion. 

One  of  the  reasons  for  the  effect  of  aluminum  establ.  shed  by 
Andreyev  and  Rogozhnlkov  [284]  is  the  increased  temperature  of 
the  gaseous  decomposition  products  of  NH^CIO^,  which  results  from 
the  interaction  of  their  oxidizing  agents  with  the  aluminum. 

Yet,  since  the  aluminum  reaches  its  greatest  effectiveness  not 
in  a  stoichiometric  ratio  corresponding  to  maxima1  combustion 
temperature,  but  at  a  much  lower  concentration,  and  since  the 
combustion  rate  of  the  compressed  fixture  In  the  moderately  high 
pressure  range  does  not  increase  with  the  addition  of  aluminum, 
then  it  is  possible  that  the  main  role  of  aluminum  is  not  that 
of  increasing  the  total  combustion  energy  but  of  causing  the 
gaseous  combustion  products  oo  penetrate  to  a  greater  depth. 

In  the  presence  of  aluminum  the  gaseous  combustion  products 
of  APC,  which  are  heated  to  a  higher  temperature,  are  already 
capable  of  initiating  combustion  when  they  penetrate  the  k-phase. 
Here,  apparently,  aluminum  does  not  affect  the  first  conversion 
stages  of  the  ammonium  perchlorate,  but  has  an  active  effect  only 
on  the  secondary  products  of  the  conversion.  Thus,  aluminum  has 
a  much  weaker  effect  on  the  combustion  rate  of  a  process  occurring 
in  an  ordinary  ( nonturbulent )  regime,  causing  virtually  no  Increase 
in  the  combustion  rate  of  an  end-burning  charge. 
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§  2.  Combustion  Rate  of  Hybrid  Systems 

Smoot  and  Price  [307,  308]  studied  the  combustion  rate  of 
fuels  containing  metals  in  hybrid  propellants  of  the  composition 
LiH-butyl  rubber- fluorine-oxygen.  It  was  determined  that 
the  ratio  between  the  fuel  components,  the  composition  of  the 
oxidizer,  consumption  of  the  oxidizer,  and  pressure  all  affect 
the  burn-out  rate.  The  experiments  were  conducted  on  a  specially 
designed  unit,  whose  scheme,  experimental  conditions  and  method 
of  determining  the  bum-up  rate  are  described  in  detail  in  [309]. 


Table  41.  Composition  of  hybrid  propellant. 


Composition 
of  fuel.  ut.  % 

Pressure 
range, 
atmTabs.  ) 

Comparison  of 
oxidizer,  wt.  % 

Oxidizer 
consumed. 
g/cm2-  s 

L1H 

butyl 

rubber 

0. 

no 

10 

1  02-S.9.! 

92-1  H 

s — ■» 

1,26-1!.? 

lr» 

•W 

2,12— 9. 35 

#1— 10  i 

20-0 

1,12-10,5 

Tn 

50 

2.56— #.«*> 

70_  1 00 

30—0 

1 .76— 9.  Si 

in 

(50 

2,32— S.S'3 

70—101 

3' i—O 

1.12-10,5 

100 

1 ,  VS— l'i,97 

0—100 

ini— 0 

n. OS— 11 ,2 

The  composition  of  the  fuel  charge  varied  from  100S  butyl 
rubber  to  90*  lithium  hydid.de,  the  composition  of  the  oxidizer 
was  from  100Z  fluorine  to  10C!?  oxygen.  Table  41  presents  data 
on  the  composition  of  the  oxidizer  and  the  fuel,  the  variation 
ranges  of  oxidizer  consumed,  and  pressure  in  the  combustion 
chamber  The  combustion  rate  was  measured  in  5  sections  along 
153  cm  of  charges  and  was  determined  by  the  length  of  the 
specimen.  Total  expenditures  of  the  oxidizers  were  also  averaged 
with  respect  to  time  as  well  as  the  length  of  the  specimen. 

The  addition  of  large  quantities  of  metal  or  metal  hydride 
to  a  hybrid  fuel  charge  results  in  a  substantial  increase  in  the 
bum-up  rate.  Figure  134  in  logarithmic  coordinates  shows  graphs 
representing  the  burn-up  rate  as  a  function  of  the  total  mass 
expenditure  of  the  oxidizer  for  fuel  charges  consisting  of  from 
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9  to  $0X  LiH.  The  oxidizer  contains  the  amount  of  02  necessary 
to  oxidize  the  carbon  in  a  composition  burning  to  CO. 


Fir;.  13^.  Burn-up  rate  of  LiH- 
butyl  rubber  fuel  as  a  function  of 
the  amount  of  oxygen-fluorine  oxidizer 
used  at  k.2  atm.  1  -  4*  02;  2  - 

10t  02;  3  -  30?  02}  U  -  15%  o2. 

a  -  '0*  LiH;  b  -  bO*  LiH;  c  -  iJO*  LIHj 
d  -  60%  LiH;  e  -  90*  LiH. 

2  2 

Designation:  r/cn  . ce«  *  g/cm  . s. 


Fig.  135.  Effect  of  total  pressure 
and  partial  pressure  of  oxidizers  on 
burn-up  rate  of  LiH-butyl  rubber 
(60/^0)  composition.  1  -  High 
consumption  (9.2-12.6  g/cm2. s); 

2  -  moderate  consumption  ( M . 9—7 

p 

g/cm  *sj;  3  -  small  consumption 
{l.iJ-2.8  g/cm2-3) . 

Designation:  ara  *  atm(abs.). 


In  the  range  of  small  oxidizer  consumption  values  (C  <  2.8 
g/cm  -s)  burn-up  of  a  fuel  charge  consisting  of  less  than  5 OH  LiH, 
coincides  with  the  burn-up  rate  of  pure  butyl  rubber  both  for  the 
oxygen- fluorine  oxidizer  as  well  as  the  fluorine  oxidizer  alone. 
Only  when  the  concentration  of  Lih  exceeds  50*  do  we  observe  a 
substantial  increase  in  the  burn-up  rate.  In  this  range  (C  < 

<  2.8  g/cm'*s)  the  burn-up  rate,  as  was  established  by  the  authors 
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is  virtually  independent  of  pressure  and  may  possibly  be  determined 
by  the  aerodynamics  of  the  turbulent  boundary  layer  which  is 
formed  on  the  surface  of  the  solid  fuel,  as  indicated  by  the 
power  dependence  of  the  burn-up  rate  on  fuel  consumption  with 
an  exponent  of  0.8,  which  is  qualitatively  in  agreement  with 
the  expression  for  the  combustion  rate  obtained  for  hybrid 
mixtures  by  Maxman  and  his  colleagues  [310]: 

ptfc*  -  0,b3BC*.*  (vil.  7) 

2 

where  G  is  the  local  mass  flow,  g/cm  .s;  x  -  the  distance  from 
the  leading  edge  of  the  charge,  cm;  y  -  viscosity  coefficient 
of  main  flows,  g/cm-s;  pT  -  density  of  fuel  charge,  g/cm^; 

B  -  mass  exchange  parameter,  equal  to  (ut  Ut,)  (Ahhr)  (u,  iub)  -  ratio 
of  velocity  of  main  [reference]  flow  to  velocity  in  zone  of 
flame;  Ah  -  enthalpy  difference  between  flame  zone  and  fuel 
surface;  hy  -  effective  heat  of  fuel  gasification;  U  -  local 
linear  burn- up  rate,  cm/s. 

In  the  range  of  high  values  for  specific  oxidizer  consumption 
2 

(G  >  7  g/cm  s)  the  combustion  rate  increases  with  increase  in 
the  percent  of  L1H  for  all  studied  compositions  and  has  a  much 
weaker  dependence  on  the  consumption  of  the  oxidizer. 

Maxman  [311]»  unlike  Smoot  and  Price,  in  testing  engines 

under  laboratory  conditions  at  chamber  pressures  higher  than 
2 

10.5  kg/cm  ,  found  that  adding  metal  in  a  case  where  its 
concentration  was  less  than  50%  in  the  fuel  had  a  noticeable 
effect  on  the  bum-up  rate. 

Data  on  the  effect  of  total  and  partial  oxidizer  pressures 
are  shown  in  Pig.  135  for  a  composition  of  60%  lithium  hydride  + 

+  butyl  rubber  [308]. 
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Although  the  burn-up  rate  values  in  this  case  are  higher 
than  for  the  nonmetallized  systems,  in  these  systems  too  we 
observe  a  similar  dependence  of  burn-up  rate  on  both  the  partial 
pressure  of  the  oxidizer  and  its  mass  consumption  and  a  virtual 
independence  of  total  pressure.  The  theoretical  estimate  of  the 
burn-up  rate,  which  was  based  on  the  assumption  of  turbulent 
heat  exchange  in  the  boundary  layer,  does  not  explain  the 
dependence  of  the  burn-up  rate  on  pressure  which  was  observed 
in  the  experiment.  Thus  Smoot  and  Price  [308]  supposed  that 
one  of  the  determining  factors  of  the  effect  observed  for 
pressure  might  be  the  process  of  turbulent  diffusion  of  the 
active  oxidizer  toward  the  surface  of  the  fuel  and  the  subsequent 
occurrence  of  a, heterogeneous  first-order  reaction  between  the 
oxidizer  and  the  condensed  fuel. 

By  assuming  that  the  diffusion  rate  of  the  oxidizer  and 
the  burn-up  rate  of  the  fuel  were  equal 


u?. 


'  kP»v, 


(VII. 8) 


and  writing  the  Reynolds  analogy  of  the  Chilton-Colburn  modifica¬ 
tion  between  mass  exchange  and  momentum  exchange  for  mass  exchange 
processes,  taking  into  account  vhe  effect  of  the  injection  on  the 
friction  coefficient. 


ktSef\Um  «  O.OMAi.  Be***  [exp  (0i>.)  —  1 1.  (VII. 9) 

the  authors  Indicated  above  obtained  a  dependence  for  the  burn-up 
rate,  which  considered  the  effect  of  pressure  and  the  mass 
consumption  of  the  oxidizer.  In  the  form  of 
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whore  A  ia  the  part  by  weight  of  gaseous  products  formed  during 

tne  decomposition  of  the  solid  fuel,  which  is  a  function  of 

th©  equilibrium  temperature  of  the  fuel  surface  [3073  (coefficient 

A  considers  the  decreased  effect  of  the  Injeotion  in  the  case 

where  most  of  the  decomposition  products  on  the  fuel  surface  are 

mad®  up  by  the  condensed  phase)}  B.  ■  up_(QC/n/2)  is  the  injection 

0  2  t  /  u 

parameter}  CyQ  »  G. 03/Re  is  the  friction  coefficient  in  the 
absence  of  an  injection}  kQ  -  the  local  mass  exchange  coefficient, 
oin/s ;  k  -  chemical  reaction  rate  constant  s"1;  p ^  -  partial 
pressure  of  oxidizer  in  free  flow,  atm}  pQW  -  partial  pressure 
of  oxidizer  near  fuel  surface,  atmj  Re  ■  Gx/p  -  Reynolds  number} 

So  -  Schmidt  number}  U  -velocity  in  free  flow,  cm/s. 


Processing  of  experimental  data  on  the  burn-up  rates  for 
all  fuel  systt?ms  with  three  different  oxidizers  studied  by  the 
authors  over  a  wide  range  of  oxidizer  v  ilues  in  the  form  of 


htN'">'r  ’  /<  P*  l«*x  |t  ( /ft).  —  1 1 1 .  /*»?/«*•*)  (VII.  11) 

gives  us  a  line  with  a  slope  of  33*  (x/y)°*2Sc1?/3,  which  intersects 
the  Y-axis  at  the  point  with  the  1/k  value  (Fig.  136).  The 
values  of  A  obtained  from  l307]  for  charges  of  butyl  rubber, 
polyurethane,  60#  L1H  +  40#  butyl  rubber,  and  90#  LiH  +  10# 
butyl  rubber  are  equal  to  0.(3,  0.5,  0.2  and  0.05,  respectively. 


Fig.  136.  Burn-up  rate  of  hybrid 
fuels.  1  -  Polyurethane,  2  -  LiH  + 
+  butyl  rubber  60/40,  3  -  LiH  + 

+  butyl  rubber  90/10,  4  -•  butyl 
rubber . 

^  .  -1  -1 
Designation:  ceH  =  s 
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§  3.  Comoustion  Rate  of  Oxygen-Containing 
Gas  Systems  with  Aluminum 

Cassel  and  his  colleagues  [313]  measured  the  combustion  rate 
of  powder  aluminum  in  air  and  in  various  compositions  of  nitrogen 
and  oxygen.  The  rate  was  calculated  by  the  Gauss  equ  .cion  based 
on  data  obtained  from  the  experiment:  the  area  of  ct:.e  flame  cone 
and  the  velocity  of  the  flow.  From  Table  42  we  s  °  t  .at  as  the 
concentration  of  aluminum  particles  increases  the  combustion 
grows.  This  is  related  primarily  to  the  growth  of  the  maximal 
combustion  temperature,  since  all  of  the  concentration  values 
presented  in  Table  42  are  considerably  lower  than  the  stoichio¬ 
metric  composition  -  315  mg/Z.  However,  here  too  one  might  also 
consider  the  increase  in  the  screening  effect  (decrease  in  heat 
losses  resulting  from  radiation)  with  the  increase  in  the 
concentration  of  metal  particles  in  the  flow. 


Table  42.  Combustion  rate  values  for 
mixtures  of  powder  aluminum  and  air. 


Particle  size, 
(J  m 

Concentra¬ 
tion,  mg/2 

Poynolds 

number 

Combus¬ 
tion  rate, 
cm/  s 

(i._  ;n 

1  O' 

1 520 

10.2 

(i— in 

IfW 

1 2b  i 

22  .i'i 

ti  -  ill 

lit.  I 

)  5:  it) 

i  2:i,! i 

lO 

2111  1 

I2S'"' 

1  25, o 

! 

Although  the  authors  do  not  present  any  data  on  the  effect 
of  aluminum  particle  size  on  the  combustion  rate,  they  do  note 
that  at  the  same  concentration  flames  with  finely-dispersed 
aluminum  have  a  much  greater  flashback  tendency  than  with  a 
particle  dimension  of  a-15  urn. 

Table  4  3  shows  measurements  for  flame  propagation  velocities 
in  a  mixture  containing  70$  oxygen,  30$  nitrogen,  and  powder 
aluminum,  arranged  vertically  in  a  glass  tube  measuring  2.5  cm 
in  diameter  and  1.2  m  in  length.  If  we  assume  that  the  rates 
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observed  are  proportional  to  the  combustion  rates  of  mixtures 
in  an  open  burner,  then  these  results  indicate  an  increase  with 
a  decrease  in  particle  size.  Considerable  fluctuations  in  the 
flame  propagation  rate,  reaching  50  cm/s,  were  noted  (primarily 
in  the  second  half  of  the  tube). 


Table  43.  Combustion  rate  of  a  mixture 
70%  0 ^  +  30$  Nj  +  aluminum. 


Particle  size 
of  aluminum,  Mm 

!  A1 ’concentra- 
|  tion,  mg/ l 

Flame  velocity, 
cm/  s 

40 

(Oil 

35 

20.1 

1 5 

r>  (SOo;,) 

no 

100 

0-  ;<>  (20%) 

250 

00 

In  the  combustion  of  metallized  gaseous,  liquid,  and  solid 
fuels,  as  noted  by  many  researchers  [313,  35 4],  a  very  important 
role  is  played  by  the  heat  radiation  of  the  flame.  The  heat 
balanced  equation  for  the  heating  zone  with  the  radiation  of 
the  flame  considered  can  oe  written  in  the  form  of 


(  7'r, 
!•  \ - 


iax  ^  p 


u 


bu-f'  <TLx 


(VII. 12) 


where  V  is  the  combustion  rate;  y  -  heat  conductivity;  T.  - 

H  X 

ignition  temperature;  Tmax  and  Tq  -  maximal  and  Initial  tempera¬ 
tures  of  fuel  mixture;  a  -  radiation  coefficient  of  particle 
surface;  cp  and  p  -  specific  heat  capacity  and  density  of  gas; 
cd*  pdJ  and  w  ~  specific  heat  capacity,  density,  and  concentration 
of  metal  particles,  respectively;  r  -  average  particle  radius; 
a  -  coefficient  which  considers  the  radiation  of  the  combustion 
products  (a  >  1);  F  -  geometric  factor;  b  -  width  of  combustion 
zone . 


If  we  assume  that  the  combustion  time  of  the  particles  t 
is  determined  only  by  the  diffusion  of  oxygen  to  their  surface 
(we  ignore  reactions  on  the  surface),  then 
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t  =  pdr-in^i2\inPTl'\ 


(VII. 13) 
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where  D  is  the  coefficient  of  oxygen  diffusion  at  tempertaure  Tg ; 
R  -  the  gas,  -  volume-averaged  ambient  temperature  in  reaction 
zone;  p  -  average  partial  pressure  of  oxygen;  M  -  oxygen  equiva¬ 
lent  of  fuel  expressed  in  grams  of  fuel  per  mole  of  oxygen. 


Here  the  width  of  the  combustion  zone  can  be  expressed 

b  ~  Vbr  —  (Ph'?0  ,  til.]  4  ) 

where  Vfa  is  the  rate  of  motion  of  the  combustion  product';  ” 

ratio  of  densities  of  original  mixture  to  combustion  produces. 

Successive  substitution  of  equation  (VII. 13)  in  (VII. 1*0  and 
then  in  (VII. 12)  lets  us  express  the  combustion  rate  V^  of  the 
gas  mixture  with  the  metal  particles  as  parameters  which  can  be 
determined  from  the  experiment  or  reasonably  assumed 

,  o£P_ _ _  (VII.  15) 

r‘k  t  r  * 

7i  70  VdDP(cpP  +  cdw) 

Here  a  =  p/(c  p  -  c,w)  is  the  coefficient  of  the  temperature 

P  Q 

conductivity  of  the  mixture;  /.•  -- 

It  should,  of  course,  be  said  that  the  obtained  expression 
describes  the  change  in  rate  as  a  function  of  certain  parameters 
only  qualitatively,  since  in  its  derivation  all  quantities  were 
considered  independent.  However,  the  width  of  the  combustion 
zone  (equation  (VII. 12)),  for  example,  is  assumed  for  simplicity 
to  be  the  same  both  in  the  case  of  heat  transfer  by  radiation 
as  well  as  heat  conductivity.  This  quantity  depends  on  r,  w,  and 
F,  and  they  basically  determine  the  combustion  rate. 
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Expression  (VII. 15),  as  we  see,  predicts  that  the  <■  mbustion 
rate  should  increase  with  a  decrease  in  the  particle  si  e  of  the 
metal  and  should  have  a  minimum. 


§  *1.  Combustion  Rate  of  Thermite 
Compositions 


In  the  l860's  the  outstanding  Russian  scientist  N.  N.  Beketov 
reacted  barium  oxide  with  aluminum  and  in  this  manner,  as  well  as 
by  his  further  studies  to  obtain  alkali  metals  by  subjecting 
their  compounds  to  the  action  of  metallic  aluminum,  founded  a 
new  branch  of  metallurgy  -  alumlnothermy .  Since  then  reactive 
mixtures  of  metal  oxides  with  another  metal,  which  reacts 
according  to  the  system  Me^O  +  Me^  •+  Me^O  +  Me2  +  Q,  Cal  (MeO  - 
metal  oxide  and  Me  -  metal), have  been  called  thermites.  Consider¬ 
ing  thr  large  quantity  of  heat  necessary  to  decompose  a  metal 
oxide,  it  becomes  obvious  that  only  fuels  with  a  high  heat 
capacity  can  be  used  in  thermites. 


Table  presents  the  properties  of  certain  substances 
which  characterize  tholr  use  in  thermites. 


Table  ^'*1.  Combustion  heat  (Cal/g)  of  thermite 
with  stoichiometric  ratio  between  components 
(Me/MeO  ratio,  %.,  given  in  parentheses). 


1  Oxidizer 

Fuel 

B,0. 

SiOi 

Cr,0, 

MnO, 

FCjOj 

IoiO. 

CnO 

n,o. 

AI 

0,73 

(44/50) 

0,50 

(37/03) 

0,60 

(26/74) 

1,12 

(29/71) 

0.93 

(25/75) 

0,85 

(24/76) 

0,94 

(19/81) 

0,47 
(10 'On) 

Mg 

0,91 

(51/49) 

0.73 

(45/55) 

0.74 

(32/68) 

1.18 

(30/64) 

1,05 

(32/ii9) 

0.94 

(29/71) 

1.0 

(23/77) 

O.f 

(12/38) 

Ca 

!  O.KJ 

(0.1/37) 

0,70 

(57/45) 

0  67 
(h/50)  ! 

1,10 

(18/52) 

0.9.1 

(13/57) 

0,87 

(41/59) 

0.94 
(J  4/00) 

0,51 

(19.8!) 

Ti 

— 

— 

0 , 29 
(32/(8) 

0,75 

(36/04) 

0,57 

(31/69) 

0.50 

(29/71) 

0,70 

(23/77) 

0,35 

(12/88) 

Si 

— 

— 

— 

0,70 

(24/76) 

0,58 

(21/79) 

0,50 

(19/81) 

0.67 

(15/85) 

0,32 

(7/93) 

B 

— 

— 

— 

0,76 

(14/86) 

0,59 

(12/68) 

0,52 

(11/89) 

0,70 

(8/92) 

0.25 

(4/90) 
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From  the  experiments  of  Zhemohuzhniy  (cited  from  [2])  it 
follows  that  the  amount  of  heat  released  during  the  combustion 
of  thermites  should  be  no  less  than  0 . 55  Cal/g;  otherwise  the 
combustion  reaction  is  difficult  and  does  not  reach  completion. 

The  oxide  used  to  produce  thermites  should  have  a  minimal 
heat  of  formation,  contain  oxygen  (no  less  than  25-30$),  have 
the  greatest  possible  density,  and  be  reduced  into  a  metal 
which  has  a  low  melting  temperature  and  a  high  boiling  temperature 

It  is  unlikely  that  reactions  in  the  gas  phase  will  affect 
the  combustion  rate  of  the  thermites.  On  the  other  hand,  the 
original  substances  (aluminum  and  metal  oxides)  have  high 
boiling  points,  which  hinders  the  form;  tion  of  the  gas  phase 
through  evaporation;  nevertheless,  the  relatively  high 
chemical  stability  at  high  temperatures  of  metal  oxides  (as 
compared  to  the  stability  of  organic  fuels,  nitrates,  and 
chlorates)  should  lead  to  the  development  of  high  temperatures 
in  the  condensed  phase,  and  as  a  result  the  main  reaction  should 
occur  in  the  condensed  phase  without  any  preliminary  "gasification 
reaction . 

The  most  thoroughly  studied  has  been  the  combustion  of  the 

iron-aluminum  thermite  Fe^O^-Al  [301-303]  in  a  wide  pressure 

-2  ^  d 

range,  beginning  10  mm  Hg  to  150  atm. 

If  we  take  a  stoichiometric  mixture  of  15%  +  2.5%  Al, 

then  its  combustion  temperature  with  heat  losses  considered 
will  be  equal  to  2700-3000°C  (direct  measurement  gives  us  2iJ00°C)  . 
This  is  unconditionally  higher  than  the  evaporation  temperature 
of  uminum  of  2050°C,  and  thus  the  gas  phase  will  be  partially 
forme  1  in  this  composition.  In  order  to  obtain  an  "absolutely" 
gacless  combustion  model,  Merzhanov  and  his  colleagues  [315] 
diluted  a  mixture  (25%  Al  +  75%  Fe?0^)  with  a  final  combustion 
product  -  aluminum  oxide  -  in  a  ratio  of  70:30.  In  this  case 
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calculate!  combustion  temperature  T_QV  was  only  ^150°  higher 
than  the  boiling  temperature  of  the  most  volatile  component 
(of  all  original,  final,  and  possible  intermediate  components)  - 
aluminum  -  at  atmospheric  pressure.  At  this  temperature  all 
components  (original  and  final)  were  in  a  molten  state. 

To  check  the  calculation  the  combustion  temperature  of 
this  composition  was  measured  by  the  brightness  method  with  the 
aid  of  an  optic  pyrometer  in  two  ways:  the  temperature  of  the 
lateral  surface  -  in  this  case  the  emissivity  of  the  slag  -  was 
taken,  based  on  tabulated  data  for  liquid  iron  and  aluminum 
oxide;  the  temperature  in  a  semi-open  cavity  made  in  the  specimen 
was  measured  -  emissivity  in  this  case  was  assumed  equal  to  one. 
Error  related  to  inaccurate  emissivity,  cooling  of  the  lateral 
surface,  and  instrument  error  was  ±100°.  The  temperature  obtained 
from  the  experiment  was  2100°C,  i.e.,  50°  higher  than  the  boiling 
point  of  aluminum.  If  we  cons,  ’er  the  rise  in  the  boiling  temper¬ 
ature  of  aluminum  with  pressure  (even  at  p  %  50  atm  it  is  equal 
to  T  £  3600°C) ,  then  we  have  more  reason  to  assume  that  all 

Krill 

components  In  the  combustion  process  of  the  mixture  react  in  the 
condensed  phase. 

Besides  the  iron-aluminum  thermite,  the  combustion  rate  of 
the  chromium-magnesium  thermite  O.O,  -L-  0  M"  ■'<  MyO  -f  20  -b  inn  Cal, 
the  manganese-aluminum  thermite  1.5Mn<>.,  2A1  -*•  .U.o.,  j-  l.SMn  J-  1!G<)  Cal, 

and  a  mixture  consisting  of  80#  reduced  iron  and  20#  potassium 
pei’manganate  [317]  were  studied. 

The  combustion  temperature  of  the  chromium-aluminum  thermite 
(with  heat  losses  considered)  should  be  2100-2200 °C,  and  thus 
neither  MgO  (T  uri  >  3000°C)  nor  A1„0_  (T  _  >  2200°C)  should  be 
found  In  a  vapor  state.  Despite  the  high  heat  of  conversion  of 
the  manganese-aluminum  thermite  (^1^00  Cal  per  1  kg  of  the  mixture), 
its  temperature  should  not  be  high,  since  it  is  regulated  by  the 
evaporation  of  the  manganese  (T  v  1900°C).  As  pressure  rises 
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the  combustion  temperature  should  rise  due  the  increased 
boiling  temperature  of  the  manganese.  The  potassium  permanganate 
and  iron  mixture  should  have  little  sensitivity  to  the  external 
atmosphere,  except  the  forming  oxides  have  a  relatively  low 
dissociation  pressure  and  the  final  temperature  is  low  ('WOO °C). 

Figure  137  shows  combustion  rate  values  as  the  function  of 
pressure  for  different  compositions. 

As  we  see  in  Fig.  137  (curve  *1),  the  combustion  rate  of 
the  iron-aluminum  thermite  increases  in  the  entire  studied 
: “assure  range,  even  for  the  composition  Fe^O^  +  A1  +  AlgO^ 
(52.5/17.5/30)  at  temperatures  below  atmospheric;  this  increase 
is,  however,  relatively  slow  and  particularly  slow  at  high 
pressures.  At  a  pressure  of  200  mm  Hg  the  combustion  rate  of 
the  thermite  diluted  by  the  final  combustion  product  of  Al^O^ 
is  0.85  cm/s,  while  at  20  atm  [the  thermite]  consisting  of 
Fe„0o/Al  (75/25)  burns  at  a  rate  of  2.6  cm/s,  i.e.,  only 
about  three  times  faster.  However,  its  combustion  rate  at  the 
highest  pressure  of  140  atm  is  only  3  times  faster  than  the 
rate  at  atmospheric  pressure.  The  nature  of  the  change  in 
the  combustion  rate  with  pressure  cannot  be  described  by  an 
exponential  law.  Figure  137,  curve  5,  corresponds  to  the 
chromium-magnesium  thermite.  The  behavior  of  this  curve  is 
extremely  unique.  At  lov;  pressures  the  combustion  rate  increases 
more  rapidly  than  it  does  for  the  iron-aluminum  thermite:  at 
pressures  of  ^0-50  atm  it  reaches  a  maximum  combustion  rate,  and 
as  pressure  continues  to  increase  a  marked  decline  in  this  rate 
begins . 

Figure  137,  curve  6,  corresponds  to  the  thermite  consisting 
of  1.5  MnO^  +  2A1  and  is  similar  to  the  curves  for  the  iron-aluminum 
thermite . 
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Fig.  137.  Fig.  138. 

Fig.  137.  Combustion  rate  of  thermites  as  a  function  of  pressure. 
Fig.  138.  Combustion  rate  of  thermites  in  a  vacuum.  /-  re  +  kmbo,  mriay. 

!— (I'l',0,+  Al)  +  AljOf  (50/:,l)';  .<-(ro,0,  Al)  +  AIjO,  <»/«>  . 

In  the  combustion  of  thermites  cf  the  chromium-aluminum 
composition  Cr203  +  Al  +  A12C>3  (52.5/17.5/30)  at  pressures  above 
atmospheric  (Fig.  137-1).  Fe  +  KMnO^  (80/20)  in  a  pressure  range 
of  200  mm  Hg  -  2  atm  and  Fe2<33  +  Al  +  A1203  (37-5/12.5/50) 

(Fig.  138)  in  a  vacuum,  combustion  rates  are  virtually  independent 
of  pressure.  We  should  note  the  difference  in  combustion  rates 
obtained  by  Maksimov  [315]  and  Romodanova  [316]  for  the  thermite 
Fe203  +  Al  +  A1203  (52.5/17.5/30)  (Fig.  137,  curves  2  and  3, 
respectively).  This  could  possibly  be  related  to  the  size  of 
the  aluminum  particles  introduced  into  the  mixture,  since  the 
relative  density  of  the  specimens  was  approximately  the  same: 
p/pmax  =  O.65  and  0.5,  respectively.  In  the  first  case  aluminum 
particles  measuring  v5  ym  and  above  in  diameter  were  used 
in  the  preparation  (particle  size  of  iron  oxide  1  urn),  in  the 
second  case  -  particles  of  less  than  1  ym  (Fe203  £  100  ym)  . 

The  weight  of  the  specimens  had  not  changed  after  combustion, 
and  the  thick  slag  which  remained  had  cooled,  keeping  the  shape 
and  size  of  the  original  tablet,  louring  examination  of  the 
structure  of  the  slag  it  was  noted  that  during  combustion  of  the 


thermite  it  had  been  in  a  liquid  state.  All  of  these  facts 
indicate  the  gaslesc-  combustion  of  the  mixtures  indicated  above. 
For  all  remaining  thermites,  where  evaporation  of  the  metal  was 
possible,  combustion  rate  increased  with  pressure. 

During  the  combustion  of  the  composition  Fe^O^  +  A1  +  AlgO^ 

( 52 . 5/17 . 5/30 )  in  a  vacuum  (P  <_  10-^  mm  Hg)  there  is  an  intense 
diffusion  of  the  condensed  substance  -slag,  particles  of  which 
settle  on  the  walls  of  the  bell  [sic].  The  surface  temperature 
of  this  thermite,  measured  by  means  of  a  tungsten-rhenium  thermo¬ 
couple  (7  um),  is  equal  to  ^1200°C,  while  the  ignition  temperature 
is  'v880°C.  Si  nee  as  pressure  decreases  the  boiling  point  of 
aluminum  also  decreases,  and  in  a  vacuum  (at  p  ^  10  mm  Hg)  is 
M.l48°C,  then  obviously  the  forming  aluminum  vapors  dispersed 
the  condensed  substance  of  the  reaction  layer  in  the  studied 
specimen.  As  we  see  in  Fig.  138,  the  combustion  rate  of  she 
ccmposition  depends  on  pressure. 

With  further  dispersion  of  the  mixture  (Table  45)  by  the 
final  combustion  product  of  Al^O^,  the  surface  temperature  of  uhe 
specimen  drops  and  combustion  is  entirely  (beginning  at  4 0 %  Al^O^) 
caused  by  reaction  in  the  condensed  phase,  while  the  combustion 
rate  of  the  composition  is  independent  of  pressure. 

Table  45.  Surface  temperature  in  combus¬ 
tion  of  thermite  Fe^O,^  +  A1  +  at 

p  ^  10  mm  II g. 


Composition 

,  T 

T non1  *0 

1*.0, 

Al 

A  1,0. 

1)1) 

20 

1 

! 

2<J 

1310 

52,5 

17,5 

30 

1200 

'.5 

15 

•'.0 

1000 

37,  A 

l 

12,5 

I 

50 

1 

1)10 

Let  us  examine  curves  **  and  6  in  Fig.  137  for  iron-aluminum 
and  manganese-aluminum  thermites.  The  greatest  increase  in  rate 
occurs  at  relatively  low  pressures;  at  high  pressures  there  is 
a  saturation,  as  it  were,  and  the  c>  .'ibustion  rate  rises  very 
slowly.  The  total  increase  in  the  combustion  rate  when  pressure 
is  increased  to  150  atm  is  much  lower  than  that  which  occurs 
for  powders  in  explosives.  The  increased  rate  with  an  increase 
in  pressure  indicate  that  the  gas  phase  articipates  in  the 
reactions.  In  this  case  the  gas  phase  is,  evidently,  aluminum 
vapor.  The  relatively  weak  increase  in  the  combustion  rate 
with  pressure  indicates  that  the  role  of  the  gas  phuse  is  in 
this  case  limited. 

Unlike  the  combustion  of  volatile  explosives,  where  the 
leading  reaction  occurs  In  the  gas  phase,  in  the  combustion 
of  the  thermites  indicated  above  che  reaction  which  occurs  in 
the  condensed  phase  (it  is  to  this  reaction  that  we  should 
attribute  the  significant  combustion  rate  component,  which  is 
Independent  of  pressure)  is  completed  by  the  aluminum  vapor 
reaction  In  the  Iron  oxide.  If  this  reaction  is  not  instantaneous, 
then  adsorption  of  the  retal  vapor  should  occur  on  the  particle 
surface  of  the  oxide.  Under  this  assumption  the  reaction  rate 
should  depend  on  the  amount  of  adsorbed  aluminum.  The  amount 
of  vapor  m  adsorbed  at  different  pressures  p  Is  expressed  as 
the  Langmuir  isotherm  m  *  abp(l  -  bp),  where  r  and  b  are  certain 
constants.  According  to  the  reduced  ratio,  at  low  values  (bp  <<  1) 
the  amount  of  adsorbed  vapor  should  Increase  linearly  with 
pressure;  at  high  pressures  (bp  1)  this  quantity  should 
asymptotically  approach  a  certain  limiting  value  (m  *  a).  In 
Fig.  137  we  find  the  function 

*  +  (VII. 16) 

where  A  *  1.2;  a  *  36;  b  “  0.0  33  ax.  p  ^  1  atm;  A  ®  0.6;  a  *  0.0**; 
b  “  0.033  at  p  <  1  atm. 
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As  we  see,  this  function  describes  well  the  change  in  the 
combustiv)n  rate  of  iro«-  aluminum  and  manganese-aluminum  thermites 
with  the  change  in  pressure.  The  presence  of  term  A  relates  to 
reactions  in  the  condensed  phase,  whiue  abp/(l  +  bp)  relates  to 
adsorption  of  the  aluminum  vapor  on  the  oxide  particles  vlth 
e  subsequent  reaction  of  the  adsorbed  aluminum. 


The  observed  increase  in  the  combustion  rate  of  compositions 
Fe^O^  +  A1  and  Mn02  +  A1  can  also  be  explained  by  the  increased 
boiling  temperature  of  aluminum  (or  magnesium)  with  pressure, 
which  results  in  an  increased  temperature  in  the  reaction  layer 
of  the  condensed  phase,  and,  consequently,  an  increase  in  the 
combustion  rate;  yet  this  is  less  likely.  The  fact  is  that 
in  the  studied  case  two  substances  react  in  the  condensed  phase, 
and  the  rate  of  this  reaction  is,  in  all  probability,  determined 
by  the  mixing  time  of  the  components,  which  may  change  relatively 
little  (not  exponentially)  as  temperature  increases.  If  the 
maxwell  temperature  of  the  condensed  phase  were  determining,  then 
the  combustion  rate  of  thermites  containing  aluminum  would  consid¬ 
erably  exceed  the  combustion  rate  of  thermite  with  magnesium 
(because  magnesium  has  a  much  lower  boiling  temperature);  this, 
however,  was  not  observed. 


From  the  results  given  above  (see  Fig.  13*)),  it  is  apparent 
that  in  the  case  of  A1  +  Fe2C^;  Fe^O^  +  A1  +  Al^O^  (52.5/17.5/30 
at  p  >  1  atm  and  37-5/12.5/50  at  p  »  10~2  mm  Fg)  and  Fe  +  KMnO^ 
(80/20)  in  thermites  in  which  a  gas  phase  is  absent  during 
combustion  (the  evaporation  of  aluminum  is,  in  particular, 
impossible),  the  chemical  process  also  occurs  exclusively  in  the 
condensed  phase,  the  reaction  rate  does  not  depend  on  pressure, 
and  in  the  case  of  extremely  significant  changes  in  the  latter 
remains  almost  constant. 
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Fig.  139*  Combustion  rate  of 
thermite  Fe^O^  +  A1  +  AlgO^  as  a 

function  of  temperature.  Density 
p/p_,v  *  0.65,  1  -  combustion  temper- 

ature  varied  by  changing  initial  tem¬ 
perature,  2  -  ''onbustion  temperature 
wa3  varied  by  ammonium  oxide  dilution. 

The  temperature  dependence  of  the  combustion  rate  of  thermite 

+  A1  +  AlgO^  (52. 5/17. 5/30)  shows  that  the  leading  reaction 
occurs  at  temperatures  close  to  maximal.  The  curve  representing 
the  dependence  of  U(T  )  (Pig.  139)  has  a  break  at  a  certain 

IHclX 

temperature  Tm_„  *  T’,  which  is  close  to  the  boiling  temperature 
of  aluminum  at  atmospheric  pressure.  This  is  evidence  of  a  break¬ 
down  under  certain  conditions  of  a  gasless  composition  model  as 
a  result  of  evaporation  of  the  more  volatile  component.  The 
temperature  coefficient  of  the  combustion  rate  T  __  <  T'  is  equal 
to  5.75*10_i  deg"  (for  explosives  and  powders  it  is  in  a  range 
of  3-3 -10-3  deg-1  C32U]),  at  T  av  >  T»  a  -  2.3-10-3  deg"1  (from 

JuaX  n  i 

the  data  of  Lukashenya  [325]  u  *  2.2*10~  deg  ). 

If  we  assume  that  the  diffusion  is  not  a  limiting  process, 
which  is,  generally  speaking,  valid  only  for  certain  oxidizer 
particle  dimensions  In  Fe2^3  anc*  alumlnuln  in  a  certain  range  of 
variation  In  the  diffusion  coefficient  of  liquid  -ubstances  [318], 
then  the  reaction  which  leads  the  combustion  process  should  occur 
In  a  kinetic  regime.  Thus,  the  laws  governing  the  combustion  of 
a  gasless  composition  proposed  in  [315]  can  be  qualitatively 
described  if  we  use  the  thermal  theory  of  flame  propagation  in 
homogeneous  systems  In  whi >h  the  diffusion  coefficient  Is 
assumed  to  be  equal  to  -ero  [319]. 

For  a  flrst-ox-der  reaction 

*r*,„ 

"  - “ QiT-v  ~T~ *- «p (VII. 17) 
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where  a  is  temperature  conductivity,  cm2/s ;  R  -  the  gas  constant, 
Cal/mole -deg;  kQ  -  the  preexponential  factor,  1/s;  E  -  activation 
energy,  cal/mole;  Q  -  thermal  effect  of  chemical  reaction  of 
stoichiometric  mixture  in  liquid  state,  cal/g;  c  -  average  heat 
capacity  of  mixture,  cal/g<deg;  n  -  percent  concentration  of 
aluminum  oxide  additive  in  mixture;  T  -  maximal  combustion 

ITlaX 

temperature  of  composition. 

Pig.  140.  Combustion  rate  of 
thermite  ^62^3  +  ^1  +  Al^O^  in 

coordinates  Ig  U/Tmax“ 1//T • 

v 


Due  to  the  absence  of  data  on  kinetic  constants  at  the 

combustion  temoerature,  it  is  difficult  to  compare  expression 

(VII. 17)  quantitatively  with  the  experiment.  Nevertheless,  the 

very  nature  of  the  dependence  of  the  combustion  rate  on  specimen 

density  in  terms  of  the  magnitude  of  the  temperature  conductivity 

coefficient  a  =  A/cp  has  been  confirmed  experimentally  [315] 

(since  during  combustion  the  thermite  remains  a  dispersion 

phase  with  p  *  const,  then  it  might  be  expected  that  the  dependence 

of  A(p)  and  a(p)  is  maintained  over  a  broad  temperature  Interval 

right  up  to  temperatures  observed  in  the  flame  front).  In 

coordinates  lg  u/T  -1/T  the  experimenta?  points  of  the 

combustion  rate  lie  well  along  a  straight  line  (Fig.  140).  The 

change  in  the  slope  of  the  line  when  T  „  >  T'  is  due  to  the 

max 

beginning  of  noticeable  evaporation  in  the  aluminum  and,  as  shown 
earlier,  in  this  range  the  combustion  rate  -changes  with  pressure. 
From  the  data  of  Pig.  l4o  the  kinetic  parameters  of  the  reaction 
In  the  condensed  phase  of  the  thermite  can  be  determined: 

E  *  130  Cal/mole,  kg  =  10^^  1/s.  The  obtained  value  Is  close  to 
the  activation  energy  for  the  decomposition  of  ferrous  oxide 


KeO  (iPO'ik'9  O&l/mole)  i3i?  V]  >  which  represents  the  intermediate 
dacompoBl  tion  product. 

Data  on  the  effect  of  various  factors  (pressure,  the  nature 
of  the  metal  and  the  oxlcUeer,  dlaperaion  of  the  components, 
etc.)  on  the  combustion  rat®  of  pyrotechnic  compositions  can  be 
found  iri  Cl,  3133. 
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CHAPTER  VUI 

EFFECT  OF  METALS  ON  MAIN  PARAMETERS 
EXPLOSIVE  DETONATION 

Many  researchers  [327-333J  have  studied  the  properties  of 
e>' 1osives  with  various  additives  (aluminum,  magnesium,  boron, 
t  sand,  etc.).  It  was  found  that  the  addition  of  metals 

to  certain  explosives  under  certain  conditions  increases  the 
high  explosive  effect  of  the  blast.,  although  the  prisance  of  such 
explosives  usually  decline.  Although  the  metals  which  are  added 
detract  some  of  the  oxygen  contained  in  the  explosives,  the 
energy  loss  resulting  from  incomplete  combustion  of  the  explosive 
is  entirely  compensated  by  the  great  heat  of  combustion  of  such 
metals  as  aluminum,  magnesium,  boron,  silicon,  etc.,  which  form 
heat  resistant  oxides. 

§  1.  Detonation  of  Metallized 
Condensed  Explosives 

The  earliest  studies  in  this  field  date  back  to  T 8 8 8— 1 9 0 5 
with  explosive:,  which  were  named  ammonals,  consisting  of  three 
basic  components:  ammonium  nitrate,  trinitrotoluene,  and  aluminum, 
were  widely  used.  Table  to  shows  a  composition  of  six  such 
mixtures . 
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In  their  presence  ammonals  were  not  comparable  to  such 
aromatic  nitrocompounds  as  picric  acid  and  trinitrotoluene. 
Nevertheless >  their  high  explosive  effect  was  considerably  greater 
than  that  of  the  latter. 


Table  46,  Composition  of  ammonals  ( % ) . 


Component 

i 

German 

2 

Russian 

3 

Russian 

En¬ 

glish 

4 

French 

En- 

6W 

Ammonium  nitrate 

5i 

?r>,5 

G5 

80 

65 

65 

Trinitrotoluene 

30 

16,0 

15 

17 

15 

15 

Aluminum 

16 

7,5 

20 

3 

10 

17 

Carbon 

10 

A 

Aluminum  was  first  added  to  explosives  in  the  form  of 
a  fine  powder.  Yet  studies  showed  that  it  was  not  necessary  to 
use  aluminum  in  this  form,  since  the  desired  effect  could  be 
better  achieved  with  grain  metal.  The  use  of  grain  aluminum  had 
another  advantage  in  that  it  was  oxidized  much  more  slowly  during 
storage  than  powder  because  of  Its  much  smaller  effective 
surface  (as  a  rule  tne  protective  film  of  AlgO^  *s  thicker  on 
large  particles  [252]).  It  was  assumed  that  Its  oxidation 
was  probably  the  result  of  small  quantities  of  free  nitric  acid, 
which  is  always  contained  in  ammonium  nitrate  (in  view  of 
the  hygroscopicity  of  this  salt).  The  reason  why  grain  aluminum 
can  be  used  is,  according  to  Kast  [333],  the  fact  that  the 
oxidation  of  aluminum  is  a  secondary  process  which  occurs  during 
the  expansion  of  the  explosion  products,  i.e.,  it  reacts  not  when 
the  explosive  substance  breaks  down,  but  only  with  the  products 
formed  during  the  explosion,  for  example,  according  to  the 
system 


+  2Ai 3co  -r  Ato,  <r  *60,7  Cal/mole . 
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This  idea  by  Hast,  advanced  on  the  basis  of  relatively 
little  experimental  material  at  the  beginning  of  the  century, 
has  been  only  partially  confirmed  in  more  recent  studies  [328-331]. 

The  detonation  rate  measurement  for  the  simplest  ammonal 
80/20  (binary  mixture  of  ammonium  nitrate  and  aluminum) ,  which 
were  taken  by  Ratner  and  Hariton  [328],  showed  that  it  was 
equal  approximately  to  *1  km/s  (at  a  charge  density  of  1.0  g/omJ). 

This  is  considerably  higher  than  the  possible  detonation  rate  of 
pure  ammonium  nitrate,  which  is  m2. 5  km/s. 

The  authors  proposed  that  under  certain  conditions  (a  sufficient 
degree  of  grinding  of  the  nitrate  and  a  fine  aluminum  powder)  that 
the  aluminum  would  be  oxidized  practically  to  the  point  of  expan¬ 
sion  of  th'^  explosion  products.  However,  the  brisance  effect  of 
substances  such  as  the  80/20  ammonal  (and  possibly  other  mixtures 
of  no  less  caloricity)  are  not  affected  by  that  part,  of  their 
energy  which  is  contained  in  aluminum  (metal)  oxide  vapors  in 
the  form  of  latent  evaporation  heat.  During  the  expansion  of 
the  detonation  products  as  a  result  of  the  drop  in  temperature 
the  aluminum  oxide  solidifies,  and  this  is  accompanied  by  a 
release  of  condensation  heat  (120  Cal/mole),  which  does  influence 
the  high  explosive  effect.  This  creates  (in  the  opinion  oi 
Ratner  and  Hariton  [328],  a  disparity  between  the  high  explosives 
effect  and  the  brisance  effect  of  explosive  aluminum  as  compared 
to  other  explosives. 

In  order  to  check  this  hypothesis  the  fugacity  and  brisance 
of  ammonals  of  90/10  and  95/5,  less  rich  in  aluminum,  were 
tested.  The  temperature  developed  by  these  ammonals  at  which 
aluminum  oxide  should  form  in  a  solid  state  while  still  in  the 
detonation  wave  was  significantly  lo:rer.  Thus,  its  condensation 
should  be  reflected  in  the  brisance  effect  to  a  greater  extent 
than  for  mixtures  such  as  ammonal  80/20.  These  hypotheses  by 
the  authors,  it  would  seem,  have  been  confirmed  by  a  comparison 


of  ammonals  with  ammotols  of  approximately  the  same  caloricity 
(Table  4 7)  . 


Table  47.  Relative  characteristics  of  amnotols  and  ammonals. 


Trotyl  or 
aluminum 
added  to 
ammonium 
nitrate , 

Energy  of  decom¬ 
position,  Gal/kg 

Fugacit.y  accord¬ 
ing  to  Trauzl 

Brlsance  accord¬ 
ing  to  Hess 
(charge  of  200  g, 
density  0.9) 

1 

% 

ammotol 

ammonal 

*  ammotol 

ammonal  j 

ammotol 

ammonal 

20 

1000 

1600 

1,200,1100 

520 

20 

21.8 

10 

700 

1000 

800,315 

1420 

15.0 

10.4 

5 

! 

1 

600 

' 

1 

700 

600,270 

320 

i 

11.6 

14.8 

However,  to  a  great  extent  these  conclusions  contradict  the 
results  obtained  by  Cook  [335]  and  the  literature  data  on  the 
dependence  of  the  vapor  pressure  of  aluminum  oxide  on  temperature 

C33*]. 

Experimental  results  on  the  detonation  rate  D  as  a  function 
of  large  diameter  and  percent  concentration  of  aluminum  (with 
constant  density),  obtained  by  various  authors  for  mixtures  of 
sodium  nitrate  and  aluminum  in  a  wide  composition  range  from 
100/0  to  70/30,  as  well  as  for  mixtures  of  trotyl/Al,  hexogen/ 
trotyl/Al,  TG  (trotyl  and  hexogen)/Al,  are  shown  in  Figs.  141 
and  1.42,  respectively.  In  all  cases  the  detonation  rate  of  the 
mixtures  indicated  above  were  considerably  below  the  ideal  rates 
calculated  from  the  equations  of  state  of  the  explosion  products 
[336],  regardless  of  the  size  of  the  NH^'NO^  crystals  and  the 
aluminum  particles  (at  least  for  a  particle  diameter  of  d  >_  5  ym)  , 
although,  as  we  can  see  from  Fig.  142,  there  is  a  certain  tendency 
for  the  detonation  rate  to  increase  as  the  size  of  the  aluminum 
particles  decreases.  The  difference  between  the  obtained  detona¬ 
tion  rate  and  the  ideal  rate  is  more  significant  for  charges  of 
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high  density  than  of  low  density.  As  Cook  notes,  ratio  D/D’  can 
be  less  than  one  (D'  is  the  ideal  detonation  rate),  which  is 
generally  characteristic  of  fuels  or  explosiver  consisting  of 
a  combustible  and  ammonium  nitrate.  Nevertheless,  as  indicated 
in  [337,  338],  ratio  D/D*  for  mixed  charges  of  the  oxidizer/fuel 
variety  depends  to  a  great  extent  on  the  diameter  of  the  charge. 
Figure  143  shows  dependences  D  ■  f(d)  for  mechanical  mixtures 
of  ammonium  perchlorate  and  paraffin  of  90/10  (grain  size  of 
N'H^ClOjj  is  10  pin)  pQ  =  1.0  g/cm3'  (curve  2),  trotyl  and  colloidal 
boron  90/10  p  =  0.65  g./cm3  (curve  1),  hexogen  and  ammonium  nitrate 
58/42  (grain  size  of  NH^NO^  is  100  pm)  (curve  4)  and  suspended 
hexogen  with  a  particle  size  of  0.3-0. 4  mm  in  tetranitromethane 
30/70  (curve  3). 


Fig.  141.  Detonation  rate  D  as  function 
of  charge  diameter  and  concentration  of 
aluminum.  1  -  NH^N03  +  A1  (98/2);  2  - 

trotyl  +  A1  (80/20),  P3ap  "  1.0  g/cm3; 

3  -  NH NO ^  +  A1  (10/90);  4  -  hexogen  + 

+  trotyl  +  A1  (45/30/25),  p„n  =  1.15 

g/cm^,  d^n  -  150-200  pm  and  6^  <  40  pm; 

5  -  trotyl  +  A1  (80/20),  p  =1.75  g/cm3; 

Sap 

6  -  hexogen  +  trotyl  +  A1  (^J5/30,  45), 

P3ap  =  1.77  g/cm3,  dA]  =  75-150  pm; 
dA1  <  40  pm. 

Designation:  m/cew  =  in/s . 

The  main  reason  for  the  constant  diameter  within  a  certain 
range  of  charges  with  a  nonideal  detonation  rate,  corresponding 
to  the  decomposition  energy  of  the  oxidizer,  whicn  was  observed 
for  the  indicated  mixtures,  is  the  reaction  occurring  in  stages 
at;  the  front  of  the  detonation  wave  of  the  mixed  explosives,  which 
is  caused  by  the  decomposition  kinetics  of  its  components. 
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Fig.  142 .  Pig.  143 . 

Fig.  142.  Effect  of  A1  particle  size  on  detonation  rate  of 
explosives:  1  -  NH^NO^  +  Al,  d A1  =  40-7,  pm,  P3ap  =  1.14  g/cnW; 

2  -  ifflijN03  +  Al,  dA1  <  40  pm,  paap  *  1.20  g/cm3;  3  -  NH^N03  +  Al, 
P3Qp  15  1.05  g/cm^;  4  -  NH^NO^  +  Al  -  calculated. 


Fig.  143.  Effect  of  charge  diameter  on  detonation  rate  of 
mechanical  systems. 


:t 
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The  reaction  in  the  wave  is  assumed  to  occur  as  follows: 
first  the  explosive  components  are  completely  broken  down  within 
their  own  volumes,  then  after  a  certain  time  interval  (due  to 
the  difficulty  of  diffusion  at  detonation  pressures  of  hundreds 
of  thousands  of  atmospheres)  the  effective  reaction  of  reaction 
completion  between  the  products  of  their  decomposition  and  the 
fuel  begins.  To  a  great  extent  this  is  confirmed  by  the  fau, 
that  che  detonation  rate  of  the  mixtures  indicated  above, 
calculated  under  the  assumption  of  a  reaction  of  only  one  explosive 
component  (oxidizer)  under  certain  conditions,  are  close  to  the 
nonldeai  detonation  rate  obtained  experimentally  at  small  charge 
diameters . 

The  increased  detonation  rate  of  the  mixture  of  trotyl  and 
colloidal  boron  at  charge  diameters  greater  than  40  mm  indicate 
thai.  metals  (in  particular  boron)  can  burn  in  a  detonation  wave 
of  condensed  explosives  releasing  an  additional  quantity  of  heat, 
which  increases  the  detonation  rate  (the  detonation  rate  was 
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measured  by  ionization  and  optic  methods,  error  in  both  cases 
did  not  exceed  50  m/s). 

A  great  numbe^  of  factors  effect  the  rate  at  which  energy 
is  released  in  the  detonation  wave  (reactivity  of  components, 
heat  of  explosion,  dispersion  and  percent  composition  of  mixture, 
charge  density,  etc,).  The  action  of  each  of  these  for  a  specific 
explosive  mixture  is  often  difficult  to  define.  However,  the 
more  the  charge  components  vary  in  their  dispersion,  the  greater 
will  be  the  time  difference  between  the  decomposition  of  the 
components  and  the  subsequent  reaction  completion  and  the  greater 
the  probability  of  observing  a  nonidee L  detonation  rate. 

The  effect  of  the  density  of  the  explosives  on  the  detonation 
rate  was  discovered  in  works  [312,  326]  with  compositions  of 
trotyl/Al,  hexogen/trotyl/Al ,  and  NH^N0^/A1  (90/10),  where 
approximately  the  same  particle  sizes  were  used  in  batches  of 
aluminum  and  nitrate. 

As  we  see  in  Fig.  1^4,  the  curve  representing  the  dependence 
D  =  D( Pq )  passes  through  the  maximal  value  in  the  charge  density 
region  of  p  =  1.08-1.15  g/cm^.  Cook  [331]  proposed  that  the 
development  of  this  anomolous  effect  in  D  =  D(Pq)  might  reflect 
a  change  in  the  particle  size  of  the  ammonium  nitrate  during 
preparation  of  pressed  charges.  However,  experiments  with  pressed 
charges  and  charges  of  bulk  density  prepared  from  nitrates  which 
had  been  previously  pressed  and  been  ground  (it  was  assumed  that 
after  this  the  particles  would  not  change  significantly),  showed 
that  the  anomolous  effect  did  not  disappear. 

We  should  note  the  higher  detonation  rate  of  explosives 
with  a  low  density;  this  difference  increases  with  an  increase 
in  the  difference  between  the  densities  of  the  charges.  A 
similar  maximum  was  also  observed  on  the  curve  representing  the 
dependence  D  =  D(p)  in  the  region  of  pQ  *  1.08  g/cnr  for  a  mixed 
xplosive  consisting  of  dinitrctoluene/ammoni um  nitrate  (90/10) 
'see  Fig.  l^-'l)  . 
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Pig.  144.  Fig.  145 . 

Fig.  144.  Effect  of  density  of  aluminized  explosives  on  detonation 
rate:  1  -  dinitrotoluene  +  NH^NO,  (10/90);  2  -  HH^NO-  +  A1  (90/10) 

3  -  trotyl  +  A1  (80/20);  4  -  hexogen  +  trotyl  +  A1  (45/30/25). 

Fig.  145.  Detonation  rate  of  trotyl/aluminum  system  (85/15). 

1  -  p  =  1.49  g/cm^;  2  -  p  =  1.69  g/cm^. 

In  addition  to  the  indicated  factors,  the  size  of  the 
nitrate  crystals  also  influence  the  detonation  rate  of  the 
NH^NO^/Al  composition.  It  is  difficult  to  vary  the  size  of 
the  ammonium  nitrate  crystals  over  a  wide  range,  and,  in  addition, 
as  noted  by  many  authors,  the  reproducibility  of  results  from 
batch  to  batch  Is  poor.  Thus,  in  this  problem  it  is  not  possible 
to  obtain  results  with  sufficient  reliability.  Nevertheless,  if 
batches  of  ammonium  nitrate  differing  greatly  In  their  particle 
size  are  used,  then  the  average  detonation  rate  will  be  approxi¬ 
mately  1000  m/s  lower  for  large  NH^Nu^  particles  at  the  same 
density  and  particle  size  in  the  aluminum. 

In  [283,  330,  331]  the  explosive  characteristics  of  trotyl, 
hexogen,  trotyl-hexogen,  and  mixtures  of  KC10i{— Ai,  NH^C10^-A1, 
etc.,  were  studied.  Using  a  splitting-of f  method  Dremin  and 
Pokhll  r  3 30 ,  340]  measured  the  parameters  of  the  detonation 
wave  of  trotyl  in  the  Chupman-Jouguet  plane,  adding  aluminum 
and  other  substances  with  different  degrees  of  dispersion. 

A  great  deal  of  attention  in  this  work  was  given  to  the  particle 
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size  of  the  additive.  TIk  main  concern  of  Cook  in  his  work  was 
to  study  the  dependence  of  the  detonation  ral.  ■  of  an  explosive 
with  aluminum  on  the  diameter  of  the  charge,  the  percent  of 
additive,  and  their  original  densities.  The  experimental  data 
obtained  by  the  authors  indicated  above  have  seen  reduced  in 
Fig.  145  and  in  Table  48. 

All  charges  had  a  length  to  diameter  ratio  L/d  of  6/8. 
Variation  in  density  along  the  axis  ar.d  the  radius  was  no  more 
than  2%.  In  order  to  avoid  the  fusion  of  aluminum  particles, 
charges  of  both  densities  were  subjected  to  prolonged  vibrations. 
For  comparison  Table  48  shows  the  detonation  wave  parameters  for 
trotyl,  hexogen,  and  an  alloy  of  trotyl  and  hexogen  at  the 
densities  which  they  would  have  in  charges  with  aluminum,  tungsten, 
and  quartz  sand.  If  the  additive-  is  inert  in  the  detonation 
wave,  then  its  effect  on  the  detonation  parameters  should  be 
determined  entirely  by  its  physical  properties,  such  as  density, 
heat  capacity,  heat  conductivity,  etc. 

Stesik  and  Akimova  [339],  studying  the  effect  of  A1  on  the 
detonation  rate  and  critical  diameter  of  trotyl  and  hexogen, 
arrived  at  the  conclusion  that  when  the  density  of  these  explosives 
is  high,  aluminum  does  not  have  a  chance  to  reset  1  '  the  chem.  -al 
reaction  zone  of  the  detonation  wave,  while  m  low-density  trotyl 
(p  *  1.00  g/cm^),  where  the  reaction  yone  is  greater,  the 
aluminum  begins  to  oxidize.  This  follows  from  the  fact  that 
adding  15<  aluminum  in  the  form  of  powder  to  trotyl  reduces  the 
critical  diameter  from  9  to  8  mm.  One  might  e/pect  a  decrease 
In  the  critical  diameter  in  this  caso  because  of  the  hindered 
dispersion  of  the  explosion  products.  However,  experiments 
with  this  same  percent  concentration  of  talc  (oxioes  cf 
3Mg0*4si02*'i20) ,  whose  density  is  approximately  equal  to  that 
of  aluminum  o  m  2. 7-2. 8  g/cn3,  did  not  reveal  a  decrease  in  the 
critical  diameter. 
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Particles  greater  than  a  certain  size  are  heated  incompletely, 

absorb  less  heat,  and  as  a  result  their  influence  is  less  than 

that  of  the  finer  particles.  If  we  know  reaction  time  t  and  the 

temperature  conductivity  of  the  material  of  the  particles  added  a, 

then  we  can  estimate  the  dimensions  of  the  particles  r  which  will 

0  *5 

be  heated  [through],  r  (at)  ' J  .■  In  the  reaction  time  interval 
6  -8 

of  10”  -10  s  the  amount  of  metal  particles  heated  through  varies 
from  10  to  1  pm,  while  for  oxides  such  as  MgO,  A^O^,  and  SiO,, 
it  varies  from  0. 5-1.0  to  0.1-0. 05  pm  (it  should  be  mentioned  that 
the  heat  conductivity  of  the  materials  under  conditions  close  to 
normal  was  used  in  the  calculations). 

Energy  lost  in  compression  of  the  additives  (right  up  to 
20-30$  of  the  additive)  is  not  great,  and  reduces  the  detonation 
wave  parameters  by  no  more  than  1-5$  (quartz  sand  with  its 
anomolous  compressibility  is  an  exception  [303])*  If  we  maintain 
the  Idea  that  the  particles  of  the  additive  are  not  able  to 
react  completely  in  the  reaction  zone  of  the  detonation  wave,  then 
when  their  dimensions  are  increased,  their  Influence  should  also 
decrease.  It  is  possible  that  for  this  reason  Cook  [331],  using 
aluminum  particles  with  a  rather  large  size  in  experiments  with 
trotyl/aluminum  (80/20)  or  hexogen/trotyl/aluminum  (^5/30/25), 
did  not  observe  the  particle  size  of  aluminum  to  have  any  noticeable 
effect  on  critical  diameter  or  detonation  rate,  and  came  to  the 
conclusion  that  although  aluminum  reacts,  its  reaction  is  not 
the  determining  parameter  of  the  detonation  wave. 

Thus,  it  is  probable  that  additives  such  as  Si02  with  a 
particle  size  of  d  >  1  ym  and  aluminum  with  a  particle  size  of 
d  >  10  pm,  which  are  shown  In  Table  M8,  are  not  heated  [through]. 
This  means  that  they  do  not  react,  i.e.,  they  display  inert 
behavior.  Even  if  it  is  heated,  tungsten,  by  virtue  of  its  low 
heat  capacity  (0.035  cal/g*deg),  absorbs  an  insignificant  amount 
of  energy  and  since  its  melting  point  even  at  atmospheric  pressure 
equals  3370°C,  then  we  can  also  consider  its  behavior  to  be  inert. 
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Tho  data  presented  in  Fig.  1M,  a»  well  as  theoretical 
calculations ,  indicate  that  the  dependence  ol'  the  detonation 
rate  D  •  D(p^)  For  a  mixture  ol'  trotyl  and  aluminum  (00/20)  and 
trotyl/hexogen/aluminum  5/ 30/25)  is  not  linear.  It  seems 
evident  that  this  dependence  1b  determined,  as  Cook  believes, 
by  the  p-raaenoo  of  lower  aluminum  oxides  in  the  explosion  products. 

Under  normal  conditions  (p  «  1  atm,  T  »*  j'-'K)  aluminum 

oxide,  as  noted  in  the  first  chapter  of  this  monograph,  is  a 
crystalline  substance  with  a  heat  of  formation  of  h 00  Cal/mole  . 

Its  melting  temperature  is  2313yK»  and  its  melting  heat  is 
26  Cal/mole.  Co  far  opinion  is  divided  concerning  its  boiling 
temperature.  Experimental  and  theoretical  calculations  conducted 
by  various  authors  [  put  this  temperature  value  in  the 

rather  broad  range  of  .?90O~377Dt>K  and  give  1,70  Cal/mole  as  the 
heat  of  evaporation.  There  is  reason  to  believe  that  at  high 
temperatures  Alo0.,  Is  not  stable  and  breaks  down  into  lower 

t.  3 

oxides  of  A10  and  Alo0. 


Be  (c).  1  -  Experiment,  2  -  theory. 
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We  know  that  the  amount  of  oxygen  contained  in  most  explosives 
(trotyl,  hexogen,  PETN ,  'iid  others,  for  example)  Is  Insufficient 
to  completely  oxidise  all  of  the  carbon  and  hydrogen.  Nevertheless, 
when  aluminum  is  added  up  to  certain  limits  to  trotyl,  hexogen, 
and  ammonium  nitrate,  then  as  follows  from  the  data  obtained 
in  [3^3],  the  heat  of  explosion  per  unit  weight  of  the  mixture 
increases:  aluminum,  which  possesses  a  high  combustion  heat, 
is  capable  of  removing  oxygen  from  the  oxides  of  carbon  and 
hydrogen. 

Figure  1*16  shows  the  explosion  heat  of  hexogen  with  A1  and  Be. 
The  upper  line  (curve  2,  Fig.  146a)  gives  the  numerical  value  of 
the  heat  released  for  hexogen  under  the  assumption  that  initially, 
when  less  than  19.5$  aluminum  is  added  (from  point  A  to  point  B) 
the  aluminum  is  capable  of  taking  oxygen  only  from  C0„  and  H,,0, 

C  •- 

and  does  not  take  oxygen  from  CO.  From  this  it  follows  that 
the  most  effective  reaction  occurs  according  to  the  system 

(blUWi-SAI  -Al.-o,  i-:«;o 

A  further  increase  in  the  aluminum  from  this  standpoint 
should  have  only  a  negative  effect,  if  the  aluminum  is  not 
capable  of  reacting  with  the  CO.  The  maximal  heat  of  explosion 
of  the  mixture  of  hexogen  and  aluminum  according  to  the  equation 
should  be  1790  Cal/kg.  We  assume  that  the  aluminum  is  capable 
of  taking  all  of  the  oxygen;  then  from  the  reaction  equation 

CbIUN.,0..;-  v\l  -•  2M..O3  -f.iv.-i  no 


it  follows  that  this  corresponds  to  a  heat  release  of  2-440  Cal/mole 
for  an  aluminum  concentration  of  32.5-33$-  The  reduction  of  CO 
to  carbon  should  for  this  reason  give  a  considerable  increase  in 
the  heat  of  explosion  (curve  2  from  point  B  to  point  C).  Because 
of  the  low  heat  of  formation  of  CO,  the  oxidation  of  aluminim  by 
CO  is  advantageous  from  the  energy  standpoint.  Thus,  the  calculated 


374 


combustion  heats  of  compositions  containing  more  than  20$ 
aluminum  should  increase  more  rapidly ,  which  is  evident  from 
Fig,  1^6a.  In  this  case,  where  all  of  the  oxygen  and  nitrogen 
interreact  with  aluminum  according  to  the  system 

Call'NiA,  -I-  R.M  -  2\I.Cj  +  «AIN  4-  3Hj. 

the  maximum  heat  release  corresponds  to  an  addition  of  A1  equal 
to  50-52$  and  Itself  is  ^2600'  Cal/kg  (curve  2,  Fig.  1^6b).  The 
straight  portion  of  dependence  Q  on  the  percent  of  aluminum, 
which  runs  down  the  right  side  from  point  B,  indicates  a  decrease 
in  heat  release  resulting  from  the  fact  that  the  excess  aluminum 
has  nothing  left  to  irteract  with  and  plays  the  role  of  the 
inert  constituent.  It  should  be  mentioned  that  in  all  calculation 
results  presented  above  the  formation  of  solid  Al^O-  was  assumed, 
which  is  quite  natural  for  bomb  calorimeter  conditions  or 
conditions  close  to  them. 

Now  let  us  compare  the  experimental  and  theoretical  curves. 
For  mixtures  containing  less  than  20$  aluminum  the  divergence 
is  not  very  great,  constituting  only  20-3 0$.  This  Is  explained, 
apparently,  by  the  incomplete  reaction  of  the  aluminum  under 
the  bomb  conditions.  ! 

When  the  concentration  of  aluminum  is  greater  than  20$, 
the  divergence  between  the  theoretical  and  experimental  explosion 
heat  values  begins  to  rise  drastically  (for  an  aluminum  concentra¬ 
tion  higher  than  20$  water  was  absent).  This  can  be  attributed 
to  the  fact  that  although  the  reaction  of  aluminum  with  CO  is 
advantageous  from  the  energy  standpoint,  the  process  itself  is 
difficult.  The  reaction  of  aluminum  with  CO  can  be  easily  seen 
In  the  diagram.  The  experimental  value  for  the  explosion  heat 
of  a  mixture  containing  6 7$  hexogen,  and  33$  aluminum  lies  midway 
between  the  value  calculated  under  the  assumption  that  the 
aluminum  uses  all  of  the  oxygen  and  the  value  of  lt80  Cal/kg, 
calculated  according  to  the  following  system  under  the  assumption 
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that  oxygen  is  not  taken  from  CO  (dashed  lines  in  Pig.  146b) 


:M>2liill.iN..0ii  -j-  1 2.2 A 1  -  SUWCO  -j-  ;t,d1  AI.Os  -f-  0,18  \l  -f-  0.0011-  -|-  U,uii\ ., 


The  data  presented  in  Pig.  146a  and  b  indicate  that  with  the 
indicated  concentration  of  aluminum  approximately  half  of  the 
CO  enters  into  a  reaction  with  the  aluminum,  as  follows  from 
the  heat  calculation  according  to  the  following  system: 


1..N.U  12, D  A  I  -  •  A.wro  -1-  ‘..itCi'-  tolAljOj  i-  3.I8A1  -f  O.OolIj  4-9.C0.Nj. 


Here  the  "ideal"  heat  of  1950  Cal/kg,  which  is  close  to  the 
explosion  heat  for  this  mixture  obtained  in  the  experiment, 
should  be  released. 


Thus,  the  carbon  monoxide  is  capable  of  reacting  with  the 
aluminum,  so  that  an  increase  of  above  20 %  in  the  aluminum 
concentration  basically  provides  a  certain  increase  in  the 
explosion  heat,  dispite  the  fact  that  the  quantity  of  unused 
aluminum,  which  represents  the  inert  constituent,  increases 
significantly.  In  practical  terms,  however,  the  heat  increase 

when  more  than  '20$  aluminum  is  added  is  not  great. 

>» 

Region  B-A  (se<  Fig.  146b)  is  a  region  of  predominately 
nitride  reaction.  Thus,  if  from  point  B  we  draw  a  line 
corresponding  to  the  change  in  explosion  heat  of  the  hexogen 
under  the  assumption  that  aluminum  does  not  react  with  nitrogen 
after  all  of  the  oxygen  is  used,  then  it  will  Intersect  the 
experimental  curve  Q  =  f(Al,  %) .  This  fact  points  to  the  possible 
reaction  of  aluminum  with  nitrogen  and  the  formation  of  nitride. 
The  arrangement  of  points  on  curve  2  (see  Pig.  1^6a,  b), 
corresponding  to  the  beginning  and  end  of  certain  reactions,  is 
conditional;  actually  all  reactions  are  interconnected  and, 
depending  on  the  conditions  of  the  experiments,  a  certain  balanced 
composition  of  explosion  products  Is  established  during  the 
explosion.  j, 

**  y. 

375 


>•.-****■ 


Experimental  curve  2  (Pig.  1^6c)  shows  the  change  in  heat 
release  in  mixtures  of  hexogen  with  powder  beryllium  as  a  function 
of  its  percent  concentration  in  the  mixture.  In  the  given  case, 
as  we  see  from  a  comparison  of  curve  1  and  curve  2,  the  nitride 
reactions  are  more  marked.  A  considerable  part  of  the  area 
bounded  by  curve  2  is  located  in  the  nitride  region  of  B-A. 

heat  or  explosion  of  an  exD.losi. ve  with  aluminum  added 
increases  up  to  a  certain  limit,  although  such  detonation  wave 
characteristics  such  as  velocity,  pressure,  and  velocity  of 
explosion  products,  diminish.  The  experimental  values  for  the 
rate  of  motion  of  the  explosion  products  u  for  total  and  inert 
additives,  as  shown  by  Dremin  and  Pokhil  [330],  are  well 
described  by  the  formula 


u=*uoP«/?t.  ( VIII .  1 ) 

where  uQ  is  the  velocity  of  explosion  products  of  pure  trotyl 
with  a  density  of  pQ  in  a  mixed  charge  and  is  the  density 
of  the  mixture. 

Table  ^9  shows  velocity  values  for  explosion  of  products 
determined  experimentally  and  calculated  according  to  formula 
(VIII. 1).  As  we  see  in  Table  ^9 ,  the  addition  of  aluminum  to 
trotyl  (even  very  fine)  does  not  have  a  positive  effect  on  this 
parameter  of  the  detonation  wave  either. 

Table  4 9 .  Rate  of  motion  of  explosion  products 
(u,  km/s )  for  trotyl  with  15%  of  different  additives. 
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From  the  experimental  data  presented  above  it  cannot  be 
concluded  that  aluminum  does  not  react  in  the  chemical  reaction 
zone  of  the  detonation  wave.  The  addition  of  aluminum  lowers 
the  parameters  of  the  detonation  wave  of  condensed  explosives 
more  than  do  inert  additives.  This  fact  indicates  that  aluminum 
reacts  to  a  different  degree  depending  on  particle  size.  If  we 
take  into  account  the  heat  which  is  spent  in  heating  the  aluminum 
particles  (it  is  assumed  that  the  temperature  of  the  explosion 
products  is  3000°K) ,  then  this  reduces  the  detonation  parameters 
by  4-5#,  while  experimental  data  for  such  explosives  as  trotyl, 
hexogen,  and  TG  Indicate  a  significantly  greater  change. 

Basing  his  study  on  experiments  to  determine  the  work  of 
an  explosion  under  conditions  of  a  lead  bomb  (similar  to  the 
Trauzl  bomb)  and  under  ballistic  mortar  conditions  [344]  (device 
for  determining  absolute  work  of  explosion  [345])  Belyayev  was 
probably  the  first  to  ;,come  to  the  conclusion  that  aluminum  is 
oxidized  to  the  lower  oxides  during  detonation  of  aluminized 
explosives . 

The  greatest  expansion  in  a  lead  bomb  was  obtained  from 
a  mixture  of  hexogen  and  aluminum,  containing  15-20#  A1 .  If 
the  expansion  which  can  be  produced  by  hexogen  is  taken  as  unity, 
then  a  mixture  with  20#  A1  has  a  relative  expansion  of  ^1.2  times. 
This  corresponds  to  a  work  increase  of  approximately  25#,  while 
\  the  heat  of  explosion  increases  by  33#.  Thus,  in  a  mixture 
with  20#  aluminum  we  observe  a  considerable  increase  in  work, 
although  this  is  considerably  less  than  the  increase  in  heat. 

Another  pattern  Is  observed  when  experiments  are  conducted 
in  a  ballistic  mortar:  maximal  work  Is  also  obtained  in  this 
case  by  adding  15-20#  Al,  although  the  work  of  the  explosion 
of  the  20#  mixture  is  only  4#  higher  than  that  of  pure  hexogen. 
This  considerable  decrease  in  work  in  a  mortar  is  characteristic 
not  only  of  mixtures  of  hexogen  and  aluminum,  but  other  aluminized 


378 


•pr7  "rwnv’^JWT-- 


r  ■rww«wn(T^¥  ’ 


explosives.  Mixtures  of  ammonium  nitrate  and  aluminum  in  a 
ballistic  mortar  also  reduce  work  as  compared  to  the  data 
obtained  for  a  lead  bomb,  and  do  not  differ  in  this  respect 
from  mixtures  of  hexogen  and  aluminum. 


Here  it  is  important  to  note  that  explosives  and  mixtures 
which  do  not  contain  aluminum  have  proportional  indicators 
in  lead  bombs  and  in  ballistic,  mortars. 


It  can  be  assumed  that  the  reason  for  the  small  work  value 
in  the  mortar  is  the  relatively  slow  combustion  of  the  aluminum. 
The  degree  of  expansion  of  the  explosion  gases  In  the  mortar  is 
actually  much  lower  than  in  the  lead  bomb:  in  the  mortar  the 
degree  of  expansion  is  v8,  while  in  the  lead  bomb  expansion  is 
usually  30-60  times.  Thus,  work  in  the  mortar  is  accomplished 
by  high-temperature  gases  (the  temperature  of  the  already 
"soent"  exploding  gases  is  0.75  of  the  maximal  temperature). 

Yet  the  time  of  completing  the  work  in  the  mortar  is  prolonged 
(the  time  from  the  beginning  of  the  explosion  to  the  escape 
of  the  piston-projectile  Is  several  milliseconds,  and  is  less 
than  0.5  ys  for  a  lead  bomb).  Consequently,  the  proposal  above 
appears  to  have  little  foundation. 

This  fact  is  a  serious  argument  against  the  explanation 
for  the  reduced  brisance  effect  of  aluminized  explosives  observed 
under  some  conditions  as  exclusively  the  reaction  of  the  aluminum 
with  the  explosion  products,  which  passes  Into  the  second  stage 
relatively  slowly  (this  hypothesis,  as  already  noted  at  the 
beginning  of  this  chapter,  was  proposed  by  Kast  [333]).  Actually, 
if  during  an  air  explosion  the  second  stage  (stage  of  reaction 
of  aluminum  with  products)  Is  completed  during  the  time  of 
expansion  (which  follows  directly  from  determining  the  Impulse 
and  the  pressure  of  the  shock  wave  at  significant  distances), 
then  there  is  all  the  more  reason  why  under  ballistic  mortar 
conditions  this  second  stage  should  be  completed  in  a  period  which 
is  many  times  greater  than  the  case  of  a  closed  volume  and  higher 
pressure . 
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Under  certain  conditions  (a  rather  lar^e  charge  diameter, 
careful  and  prolonged  mixing  of  the  components  during  preparation 
of  the  mixtures,  submicron  particle  dimensions  in  the  metal,  etc.) 
aluminum,  beryllium,  boron  (as  shown  by  Apin  and  Voskoboynikov 
[329]) j  other  metals  too  may  react  effectively  with  the  decomposi¬ 
tion  products  of  one  of  the  components  of  the  explosive,  although 
this  circumstance  cannot  be  the  main  reason  for  the  small  amount 
of  work  produced  in  the  ballistic  mortar. 

The  proposal  by  Hariton  and  Ratner  [328]  that  aluminum 
reacts  in  the  chemical  reaction  zone  of  the  detonation  w ave 
forming  Al^O^,  which  evaporates  accompanied  by  the  absorption 
of  a  significant  amount  of  energy  (which  also  reduces  the 
detonation  parameters),  is  not  very  probable.  Brewer  and  Searcy 
[3^3],  in  analyzing  gases  over  a  boiling  Al^O^  surface,  came 
to  the  conclusion  that  Al^O^  does  not  exist  in  the  gas  state, 
but  decomposes  during  evaporation  with  the  formation  of  the 
lower  oxide,  which  is  unstable  and  in  turn  is  transformed  into 
Alo0^  [3^2]  (the  heat  of  formation  of  Al^O^  is  approximately 
3°  Cal/'mole).  Thus,  it  is  probable  that  chemical  equilibrium 
does  not  exist  in  a  detonation  wave  of  aluminized  explosives 
and  mixtures  of  aluminum  with  oxygen.  Brewer  v*  :  "^arcy  [3^1] 
propose  that  the  most  probable  reaction  fr”  liquid 

aluminum  oxide  is  the  following: 

'1  >  4-  A 10  •  Alo.  (1K«, 

AljO;  -  p  O  -  •  AlA,  (Hi', 

The  authors  of  [3^1]  registered  Al^O^  in  very  small  quantities 
in  vapors  over  boiling  aluminum  oxide.  However,  in  a  spectroscopic 
analysis  of  the  emission  from  the  flame  of  a  Bunsen  burner  when 
aluminum  was  burned  with  oxygen,  AlgO.^  was  not  detected  [3^5]. 

For  this  reason  the  reaction  probably  does  not  play  a  significant 
role  in  the  formation  of  aluminum  oxide.  Cook  [331]  thinks  that 
in  explosives  mixtures  AlpO^  is  formed  according  to  the  system 
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A  1.0  -l-  200;  AlOi  -f  20 0, 

Al.O  +  0,!>CO.  ~  n.SAljOa  +  0,500. 

The  constants  of  dhese  reactions  can  be  represented  in  the  form  of 

A’  ,10il'4-lO-'i3onoT, 

A'  '  r=  lO*3,3-  iQ“-,!,00"T, 

f'4 

At  temperatures  and  pressures  which  exist  in  the  Chapman- 
Jouguet  plane  for  mixtures  of  hexogen/aluminum,  troty 1/aluminum, 
trotyl  and  hexogen/aluminum  at  low  charge  densities  (1.0-1. 5  g/c,mJ), 
the  main  oxidation  product  of  aluminum  may  be  the  lower  oxide 
A100,  in  the  formation  of  which  the  oxygen  which  was  formerly 
bound  to  the  other  product  (C0o,  H?0)  is  used.  The  heat  of 
formation  for  these  products,  and  59  Cal/mole ,  is  accordingly 
much  higher  than  the  heat  of  formation  for  A1„0  (39  Cal/mole). 

a 

Thus,  aluminum  appears  to  have  an  endothermic  effect.  Furthermore, 
when  any  aluminum  oxides  are  formed  the  composition  of  gases 
declines  (they  may  even  decrease  in  quantity) ,  which  should  also 
cause  the  detonation  parameters  to  decline.  Thus,  Belyayev  [283] 
showed  that  the  work  capacity  of  explosives  with  high-molecular 
explosion  products  was  less  than  that  of  explosives  having 
explosion  products  with  a  low  molecular  weight. 

As  the  density  of  the  charge  increases  (1.5  g/em-',  ,  due  tv' 
a  faster  Increase  in  pressure  in  the  detonation  wave  than  in 
temperature,  ratio  Alo0  _/.Al_n  n  should  decrease,  as  assumed 

!  rj  J  c.  j  T  M 

by  Cook  [331],  although  remaining  considerable.  Thus,  even 
in  this  case  the  formation  of  the  hlgh-exotherml c  product 
Al^O^  cannot  luplicate  the  endothermic  el  feet  of  Al^O  in  the 
Chapman-Jouguet  plane  of  compositions  such  as  trotyl,  hexogen, 
and  TO. 


However,  it  seems  to  us  that  the  most  convincing  view 
with  respect  to  this  question  is  held  by  Dremin  and  Pokhil  [330, 
3^0,  3^7]  j  who  believed  that  the  aluminum  does  not  react  at  all 
at  the  front  of  the  detonation  wave  at  high  explosive  charge 
densities  (at  least  for  aluminum  particles  greater  than  0.?  pm) . 

Actually,  when  the  density  of  the  explosive  is  increased 
the  width  of  the  chemical  reaction  zone  of  the  detonation  wave 
increases,  just  as  reaction  time-  [3^7].  Thus,  as  shown  above, 
no  aluminum  particles  of  any  size  manage  to  become  heated  in 
this  case,  and  they  behave  as  the  inert  additive  SiO„. 

As  we  have  seen,  the  detonation  rate  of  all  studied  high- 
temperature  aluminized  explosives  is,  without  exception,  below 
that  of  corresponding  without  aluminum,  despite  the  fact  that 
their  density  is  6-8$  higher  (as  the  density  of  the  charge  is 
increased,  the  detonation  rate  also  generally  increases).  It  is 
possible,  if  we  take  charges  of  less  density  than  those  used  in 
the  work  discussed  above,  that  conditions  may  arise  under  which 

the  lower  aluminum  oxides  will  be  converted  In  the  reaction  zone 

into  Al^O^j  which  should  lead  to  higher  detonation  parameters. 

As  for  composition  consisting  of  ammonium  ni irate/ al uminum, 
an  excess  of  oxygen  when  the  aluminum  concentration  is  less  than 
20$  and  rather  high  temperatures  in  the  detonation  wave 
( 26CO- 3000 °K )  indicate  that  ratio  Al?0r33/Al  ?0-j  should  be  close 
to  zero.  However,  Ideal  rates  were  not  obi  lined  in  the  experimen¬ 
tal  data  presented  above  [331]  for  ,  it  seems  to  us,  two  reasons: 

the  explosive  charge  diameters  taken  were  not  large  enough,  and 
relatively  large  aluminum  particle  dimensions  were  used.  Ideal 
detonation  regimes  would  probably  be  observed  only  In  charges 
of  low  density  and  high  metal  particle  dispersion. 


In  ammonium  nitrate/aluminum  mixture  (unlike  U’otyi/Hil  umlnum, 
trotyl/hexogen/aluminum,  hexogan/al  Mini  num)  mnnu  tuu.1  transfer 

in  the  gas  phase  begin  to  have  a  8ubstunt.lf.il  role  during 
detonation.  The  temperature  ot'  the  latter  compos | tionB  in  the 
first  decomposition  stage  of  the  main  component  is  always  eloea 
to  the  final  explosion  temperature,  regardless  of  the  concentra¬ 
tion  of  aluminum  (in  the  0-15S  range),  while  the  temperature 
during  the  decomposition  of  ammonium  nitrate  alone  In  f»  mixture 
with  aluminum  does  not  exceed  1700°C  (maximal  temper  at  urn?  of 
a  mixture  is  2600-3000°K  depending  on  concentration  of  aluminum). 
The  sharp  decline  in  the  detonation  rate  as  charge  density 
increases  (pressure  in  the  chemical  reaction  '/.one  grows,  fteo 
Fig.  141))  indicates  that  the  limiting  factor  i..  mass  transfer 
(diffusion  is  inversely  proportional  to  pressure,  h .n.c  transfer 
is  absent )  , 


Table  50.  Effect  of  aluminum  concentration 
on  detonation  capacity  of  APC/alum! num  mixtures 
(particle  size  of  APO  63-lbO  urn;  p  *»  1.1-1.? 


•3 

g/crrr)  . 

1 

5  Critical  detonation  diameter,  mm 

Conoentra-, 
tlon  of 
aluml num. | 

J*  | 

conical  paper  tubes 

.cylindrical 

class  t  vibes 

detonation 

fat  lure 

detonation 

failure 

2.0 

30  J 

5.0 

G 

0 

0,'.  : 

5,0 

9,0 

1! 

10 

ft,  7  1 

10, 

13,3 

r. 

12 

li.7 

1- V* 

25,5 

20 

19 

1 

!  i 

1 

: 

In  [284]  the  detonation  capacity  of  a  mixture  of  ammonium 
perchlorate  and  aluminum  was  studied  (the  critical  detonation 
diameter  for  charges  with  a  density  of  1.1-1. 2  g/em^  in  paper 
cones  or  cylindrical  glass  tubes  was  used  as  the  measure  of 
detonation  capacity).  It  was  established  that  when  the  concentra¬ 
tion  of  aluminum  is  Increased  from  5  to  25$,  this  eapaclt’r  decreases 
significantly . 
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The  critical  detonation  diameter  increased  approximately 
3-4  times  (Table  50). 

i  2.  Detonation  of  Oxygen/Aluminum 
System 

Strauss  [348]  relatively  recently  published  the  result 
of  an  investigation  of  detonation  in  mixtures  of  aluminum 
powder  and  oxygen. 

The  study  was  performed  on  a  device  consisting  of  replacable 
tubes  measuring  19.5,  26.4,  44,  and  55.2  mm  in  diameter  and  2.7  m 
in  length.  These  were  mounted  vertically,  and  the  other  end  of 
tube  was  filled  with  a  mixture  of  powder  and  gas.  This  mixture 
then  settled  downward.  The  igniter,  consisting  of  a  pyrotechnic 
fuse,  detonators,  and  explosive  silver  wires  measuring  0.113  in 
diameter  and  0.49  mm  in  length  were  placed  at  the  upper  end  of 

the  tube.  Detonation  pressures  were  determined  in.  a  metal  tube 

.  * 

measuring  27  mm  in  diameter  by  two  diametrically  opposed  piezo¬ 
electric  crystal  sensors,  mounted  on  the  inner  wall' of  the 
detonation  tube  at  a  distance  of  2.5  m  from  the  ignition  point. 
The  induction  distances  and  propagation  rates  of  the  detonation 
waves  were  determined  by  mirror  photographic  detectors,  which 
followed  the  flames  being  propagated  in  the  glass  tubes. 

Prior  to  ignition  the  mixture  was  at  room  temperature  and 
atmospheric  pressure.  Jn  the  experiment  needle  and  spherical 
aluminum  pcjwders  with  diameters  of  40  and  5  ym,  respectively, 
were  used,  j  In  order  to  remove  water  vapors  and  prevent  the 
formation  oif  powder  clumps  in  the  supply  system,  the  aluminum 

was  heated  to  120°C  prior  to  u-'.e.  The  concentration  of  aluminum 

i 

oxide  In  the  powder  was  1.5-2.5X  by  weight. 

The  calculated  Reynolds  number  for  the  oxygen  flow  was 
xess  than  1. and  the  presence  of  the  powder  in  the  gas  flow 
decreased  turbulence  [349]. 
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The  distance  from  ignition  to  the  point  at  which  the  velocity 
reached  a  stationary  value  was  considered  to  be  the  induction 
distance.  At  first  the  flame  front  moved  slowly.  Then  the 
movement  of  the  flame  was  accelerated,  possibly  because  the  flow 
of  the  mixture  in  front  of  it  became  turbulent,  while  shock  waves 
heated  the  mixture.  Finally,  ahead  of  the  main  flame  ignition 
occurred,  and  the  flame  front  was  drastically  accelerated  and 
became  smooth,  emitting  very  strong  radiation.  Pa3t  the  induction 
distance  we  observe  thin  oscillations  in  the  flame  front,  whose 
frequency  depends  on  tube  diameter  and  the  type  of  aluminum 
powder  used  (Table  51). 


Table  51.  Effect  of  diameter  size  of  tube 
and  powder  type  on  frequency  of- spin  shifts 

and  wavelengths. _ ’ _ _ 

Tube  I  Wave-  l  Fre- 

' Powder  diame-|  length, |  quency,  A/d 


Spherical  (5)  26.4 
Needle  (40)  26.4 
Needle  (40)  44.0 


10.8 


9.0 

15.2 


14,300 

16,200 

9,700 


4.09 
3.41 
3.  *»5 


By  applying  the  solution  for  a  rotary  pressure  wave  to 
the  Rayleigh  equation  for  natural  vibrations  in  a  cylindrical 
channel.  Fey  [350]  showed  that  the  step  of  spin  shift  A,  divided 
by  the  diameter  of  the  tube,  could  be  determined  as 

rjd- (VIII.  2) 


where  u  is  the  detonation  rate,  c  -  the  speed  of  sound  in  the 

j 

gas  directly  behind  the  normal  shock  wave  front. 


Pig.  147. 


Fig.  147.  Detonation  rate  of  oxygen/aluminum  mixture  as  a 

function  of  aluminum  concentration:  -  theory*  1  -  spherical 

particles,  2  -  flake  particles.  , 


Fig.  148.  Pressure  at  detonation  wave  front  of  oxygen/aluminum 

mixture: - theory,  1  -  spherical  particles,  2--  flake 

particles. 


Figure  147  shows  the  established  velocities  of  detonation 
wave  developing  in  the  mixtures  studied  by  Strausss  as  a  function 
of  the  percent  concentration  (C)  by  weight  of  aluminum.  As  we 
see  in  the  figure,  the  velocities  of  the  waves  do  not  depend  on 
tube  dimensions,  and  are  only  somewhat  higher  toward  the 
spherical  powder.  Velocity  values  for  the  poorer  mixtures  are 
approximately  1550  m/s  and  decline  somewhat  as  the  concentration 
of  aluminum  increases. 

1 

The  speed  of  sound  in  a  gas  in  front  of  a  normal  shock  wave 
(at  a  rate  of  motion  equal  to  the  corresponding  velocity  in  the 
detonation  mixtures  of  aluminum  powder  and  oxygen)  should, 
according  to  calculations,  be  about  750  m/s.  Then  the  ratio  of 
pitch  to  diameter  fora  rotary  transverse  pressure  wave  from 
equation  (VIII. 2)  under  these  conditions  would  be  3.5.  This 
quantity  is  close  to  the  experimental  (see  Table  51). 

Insignificant  fluctuations ,  registered  by  two  diametrically 
opposed  sensors,  were  f>hase  shifted  by  180°  and,  probably, 
reflect  the  spin  nature  of  the  wave  front. 


Thr»  t'rjyiuHrt  of  pratt  nur«*  mrarturemrnt,w  <m>  tihowu  in  Klg,  lAfl, 

The  values  obtained  are  approx  I  mat  3  ly  \\  atm  Tor  nil  mixture  a 
enut.alu.lM|j;  front  *ib  to  ?i(i<  Aluminum. 

Krom  IMga.  1  h 7  and  iM  we  aen  that  the  maanurinl  intonation 
rattw  and  proa  a  urea  «ru  reapeot.tve.ly  u  ami  IA3  he.low  the 
theoretical  quantities  uaiouiuted  f 0 r  mlxtur^a  of  aluminum 
powder  and  oxygen  hy  the  methods  deaorlbenl  in  It  was 

aaaumed  that  the  following  components  were  present  in  the* 
detonation  wave;  gaseous  0,  AI,  Al0,  AIT,  A1^0»  AK00  etui 

*•.  b  b*  J 

.liquid  Al^O.j  oxide,  The  following  Initial  conditions  were  taken: 

*  .5 

mass  velocity  of  nonreaoting  mixture  wan  equal  to  aero,  temperature 
.Hj8.1i>°K,  pressure  l  atm,  and  the  aluminum  powder  contained  21 
oxide . 


The  calculations  indicate  that  the  theoretical  detonation 

rate  values  should  be  approximately  equal  to  those  measured  for 

a  Aln0,  oxide  concentration  of  203,  This  does  not  correspond  to 
*  0 

the  conditions  of  the  experiment,  The  proposal  of  an  adiabatic 
detonation  process  ami  the  absence  of  convective  losses  in  the 
calculations  was  oirirely  Justified  in  view  of  the  insignificant 
width  of  the  front  of  the  detonation  wave  and  its  high  propagation 
rates.  Although  the  radiation  emitted  by  an  aluminum  frame 
burning  in  oxygen  is  considerable  [ 35^  ] ,  nevertheless  the  mean 
free  path  of  the  radiation  is  not  great  due  to  the  heterogeneous 
nature  of  the  reagents  and  the  combustion  products.  Thus,  it 
Is  not  possible  to  explain  the  great;  difference  between  the 
theoretical  and  experimental  detonation  rate  for  the  indicated 
mixtures  by  this  factor. 

It  is  most  probable  thf.t  for  mixtures  of  aluminum  and  oxygen, 
Just  as  for  metallised  explosives,  in  the  first  stage  the  aluminum 
is  only  partially  oxidized  to  Al^O^,  and  the  main  reaction 

products  are  the  lower  oxides  A 10  and  Alo0,  whose  heat  of 

<1 

formation,  as  already  noted,  is  much  less  than  that  of  A190^. 


387 


U- 


/ 


y-J 

<4* 

-AJ 


. 1 

— i 

j 

3 

1 


| 

,  i 


BIBLIOGRAPHY 


*K 


8. 

9. 

10. 

It. 

»2. 

13. 

14. 

15. 

16. 


17. 

18. 

19. 

20. 
21. 
22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 


Ci».  4*I’iiuirh  r  \ n'ui c ki n  pitSro  aima.emiM  •.  ,Y.  I — 3.  M..  It.1,  1940,. 
cap.  <V>.  *.  » 

A.  A.  Ilf'id'On'H' u.  Oumiiu  mi|ior-\nitini.M.,  OtmtMHtrirt.  1964. 

A.  (■'.  Cron,  I.  H.  Con, ran.  liter.  Iln-.'.  Client..,  3A,  003  (1958). 

A.  II.  rpitiopi**.  1  ncjawo  pnKc'uvv  Tnn.itjn*. 'M.;  tXtriifin*.  1969. 

■/Kii.ikiic  n  iin-p.iMe  imk-  tiiu-  T.’>ti.B:ua*(Ci.*  ii"Pi  u<i:*>n  up.i.  )0.  X.  lDa- 
yanta).  M.  id,  l'*59.  *  ‘  .  V  *  •<  #  ,X-  ’  '* 

CG.  •Ilce.ieannaimo  paKemM.t  .mmjrr.ifit  Ha  7p»*.f  '5l  Ton.iii«d».  _M„  11.9, 

1903.  crp.  171.  *  '  '  A  *  J  *  ‘  '  }  . 

E.  Gulbrap.ru  Rev.  Sri.  Iiutninnlnta.  *15/  201  (1944%  Tran*. 
Electmchom.  Soc.,  M .  327  (l'.>52).  117.  363  (l'J.‘>U),  111,  103  (1904); 

110,  470  (liCi'li.  J.  Pliv.<.  Clicm  .  51.  I«'S7  (1947!. 

CO.  •HpnnccrM  ropeiinn».  M..  11.1,  1901.  CTp.  375. 

B.  M.  Court.  Combustion  ar.tl  Flame.  0.  9  <19621. 

J.  S.  Dunn.  Prnc.  11. .y.  Soc.,  A  It.  2<V.  (|92(i|. 

I ».  A'ojV.iJ.  Ili-.’li  irmiK'i.itmo  nvi>!.iti.nt  nf  ni>li>ls.  .Now  Vork —  London, 
Academic  I'n",  I960. 

XiiMn'tornan  jiimtK.anticinfl.  M..  *Ci>m«rrKai»  aMmtK.iowann*.  1968. 

.V.  /!.  fill  ins,  II  A.  Iltdirorth.  Inst.  Mela!.  29,  529  (1923). 

r.  B-  Cr.vro’ino.  A'.  It.  Bopmno/I.  Cn-innu  na  nciioue  lyroiwaamix  eoejm- 

noirnfi.  M..  Ofit»|*>i»nt.«.  1961. 

9.  B.  Bpnune,  3 .  '/>.  h'artycniuxtKuti.  TopMiinrcKUc  KoiirracTU  Heoprami- 

nrcKitx  Helium-Til.  M..  II.i.~-bo  All  COCIX  19:9. 

H .  It.  Ttpiicii.not.  A .  II.  l-p<  'moc'diKor.  A.  C.  Htnzoa.  XltvneoCK.m  TcpMO- 
ajniaaniK.i  a  uwiuuti  MuTa.i.ivpritn,  t.  1 — 1.  .'Ueta.i.iyprncjaT,  liiiO — 

1904. 

B.  K.  r pusoporvH.  TTcpno.nnecKnil  aanon  Menacaecna  n  anempoHnoo 
CTpoeune  uit*:i.iob.  M..  tlltyKit,  1966. 

Co.  tllc&irjonapnn  npn  eMconnx  Te»n?paTynax».  M.,  )IJT,  1962,  crp.  128. 
/.  Brtwrr,  A.  Seany.  1.  Am.  Chem.  Snr.,  22,  1733  (19551:  78.  4109  (1956). 
B.  Aektrmann,  B.  Thorn.  J.  Am.  Client.  Sue.,  78,  4109  (1950). 
ff.  Erdtmy,  II.  Sie/rrl.  J.  Klrrlrochcm.  Soc..  98  .  83  (1911). 

W.  Ckpka,  J.  Berkovlz,  G.  Grtst.  J.  Client.  Phy?.,  30,  827  (1959). 

B.  Wthtr,  IP.  Thompson.  J.  Am.  Ceram.  Soc.  49,  363  (1957). 

P.  Johnson.  J.  Am.  Oram.  Sue..  23,  108  (1950). 

E.  Wilktniorf.  Chem.  fng.  Tech..  24.  533  (19541. 

D.  Kirby.  Mctallurgia,  30  ,  85  (19411. 

P.  Bract.  1.  Elcelrucliom.  Soc.,  94,  170  (1918).  • 

H.  Wartenbtrg.  II.  Mochl.  Z.  Phvsik.  Client.,  128,  439  (1937). 

Ceramic  Fabrication  Processes  (ea.  W.  D.  Kingcrv).  London;  Cambridge 
Mass.,  1958. 

IP.  Kinttry.  J.  Am.  Ceram.  Soc.,  36,  403  (1953);  37,  107  ,  389  (1954); 
38,  251  (1955);  39,  377  (1950). 


< 


-»  •> 
« 


388 


“I,  IP.  Kingerg.  Property  Meanirrtnenf  at  High  Temperature*.  N.  V..  Aca¬ 
demic  I’tss,  1950.  t  . 

32.  /T.  /’.  IL'ur.  OcuunW  itii.nxWiveiia  nvry'K-iini'M,  M.—  rocaneprfui.iAiir, 

1902.  ; 

33.  A.  B.  Cone, tot.  OiitmcuOtp  cnoitcTna  nuttui.ion.  M.,  <T>iunaTrit.i.'13ol. 

3-1.'  .7.  B.  f «•">.. Ten iicp/ii)  piioc'uttV'iciiiie  jtcra.i.inn  «  HeKOTopiax  nemoc-ru. 

M.,  *MrTii.riypriiH»,  1904.  , 

35.  A.  II.  rnpOdit.  Ocho«w  mipoMCTpu*.  M..  •Mera-iaypriin*.  19*>1.’ 

.36.  T.  P.  I'nppueo*  pa.:iinnito'iiiiinjiiif«i>teTpmi.  M.,  «Stup*.  1901.  „ 

37.  t.  fpttfep,  C.  Op k,  i  .  I'pu.’ffji.,  jut'imnu  yti  inin  o  it'ii.i<Nio.ticiiy.  M..  11.1, 
1958.  i  ,  *  j  ] 

,  .38.  /*.  OuKtpnt,  P.  u.  Jpn'u;.  Toopnrt  TflVIO-  II  MacCGnullvllu.  M. —  .1., 

V  rnente-CMirniT,  1901. ;  a  1  .  ,*  , 

“  .19.  C.0,  •Yiniiijja  i:l<lc*tKii\  TcMiifpSfty p*.  MT.  11.1,  1959,  ftp.  137.  ’  •* 

*il.  A".  tlfmfpu  ■<.  I'Mi'imiH’Vm  rK  n  uyTMMx  rpe;in.\.  M,,  I’m  tcmi  i.i.ii.  1951.  • 
41.  It.  .  I  ■  ll.-mpni:,  II  ily*l.*H'.Xl.li.i»  OII<K<i<*ill<^‘Tb  liWC0KOlv.Ulirp:iTy|'lll/\  n.lTe- 
-  piM.inH.  M..  'il.a^Ku*.  l‘*cy 
,  42.  It.  1."  A®.  7  .  I..  .r  ?i..  .,  39.  27s  ( 19501, 

43.  II.  II.  Mr II ■limit. •  1.  opt. .„Y*iy>.  4**.  37*1  (I9.V.I). 

14.  T.n'.ninM-  tm  «•  i»«-i «»p;ir«  lUMiti"  lit. a  pt-jai.nm-u  K.  C.  Illiiif>|>ini.i  ii  II.  ,1. 

Uc.n.uaiiiiHit't).  .1.,  I‘ii  i|«>Mt'r>'»p.M..rn>ii't'K<M.‘  u  i.iaTe.-tm-Tim,  1908. 

4.".  IfadH I»m >k  nf  lliermojiliy-ieal  properties  of  sol tH  materials.  Oxford,  rer- 
iramoi*  pres-.  |9»l. 

oil.  II.  Stiferl.  lMiys.  1’ev..  73.  1181  11948). 

47.  II’.  Juki.  Ilissnfinn  in  So) i«ls.  Liquids  ami  Gases.  X."Y.,  Academic  Press, 
1952. 

48.  > .  H,  it,,  ,  C.  'V! Tran.-.  Faraday  Sue.,  50,  570  (I960).  r 

49.  /(',  II.  1'y.met.  Meia.’Moia-.irinie.  M.,  . MeTa.i.ivpnia*.  1900. 

5**.  M.  M.  X  pymet,  M.  ATItuiU,  mi.  .’tar.  .7.10. ,  18,  52  U95<*|. 

51.  O.  B.  II o.i.i k ,  C.  B.  Crp.-tee.  ,'l.\H  (XCP,  Hunan  cepmr.  30,  1.  0  ( 1971 ). 

52,  .V.  //.  jC.inKiincxtiii.  <l»iiai’i.i.-\n'iniiecKiie  nuarerna  moioiitoh.  ,\f. .  1  la.t- 
■o  ti'piiofi  n  him  tuoi/  viT.i.i.iyprmi.  19,52. 

33.  L.  l>e  llrouckcrr.  }.  last.  Mil..  71.  131  (194.51. 

51.  II.  Wihdorf.  Mature,  l*-8.  f.'»'  (1951). 

55.  A’.  Thomas,  M.  Poltrii.  J.  ,\ppl.  Phys.,  32.  70  (I960. 

5*1.  M.  ft .  Miuhurt.  P).  ,7.  V .7 cm. i t  or ,  M.  U .  J(nnitn.  ,i.\ 1 1  CCCP,  99,  813 
(1951). 

37.  IS.  <P.  Op.tnum.  CrpyKTypu  HeoprammirKBx  aemerTB.  M.,  roeTexrco- 
|s-rnuaT,  1950. 

58.  L>.  Aylmer*.  S.  ',rr;n.  If.  J.p’nn.  1.  Inst.  Met..  88.  203  (19**0). 

39.  ,V.  Cabrera .  J.  II., m on.  C.  fl.  trail.  Sri..  Pari,.  221.  1713  (1917). 

0<*.  II.  J(.  JtHKoj.  J.  II.  ll.’U'i ll.  A.  Ill; :ww.  i.*.iei:T|ionorpa<t>ii'ii.cKnc 
■cc-re.ionamin  okihiiux  ,ii  i  iiapuoi.ncitux  n.reu.iK  na  jieTaJiaax.  M.,  H  i> 
■o  AH  (XCP,  l!)53| 

tl.  *».  Prrstem,  J.  Birrul* rAau  .  Pl*i|.  Maar..  20.  700  (I935t. 

62.  S.  Dobiruki,  Pliuil.  23,  397  (1937). 

63.  M.  Ilirashimo.  }.  Pliy«44ie.*J span.  10,  li'oo  (1953*. 

04.  IK.  Smellier.  1.  Klecl rixTidlk  Njc . .  103.  2'8)  1 1950);  193.  87  (1958). 

85.  O.  Kubaxheuttki,  II.  Ebert.  7..  Slctallk,,  38,  232  (1917). 

06.  A.  B.  Hotter  Ante,  ,7.  A.  Haiti  Minit.  AaaanTU'iL'ri.an  xnruin  t'epn.wun.  M., 
slfaynas,  .'906. 

•7.  H.  It.  Honupot ,  r.  f>.  TujumckuH.  (PnanaecKuc  ueta-TioBcneune  uepn.xann. 
M.,  Atimna.taT,  1958. 

08.  J.  yatlm,  ,/jtr.  Bepa.  Depn.a.rnii.  M.,  lf.T,  1900. 

69.  Hare ,  Unptun,  /fa*-.  Ho.vppit.  Gepw.r.riiii.  M..  11.7,  1902. 

70.  B.  M.  AjeoHenm,  B.  E.  Utanoe.  (Pu.niKa  moi n.r.roa  a  MCTa.i.roneaenite,  12, 
805  (1961). 

71.  B.  Holden,  It.  Sptiser.  //.  Johntton.  J.  Am.  Chom.  Soc..  70  ,  3897  (1948). 

72.  D.  Cinnift,  T.  Douglas,  A.  Ball.  J.  Am.  Chcu.  Sue..  73,  1230  (1951). 

73.  D.  A ijlmorr,  S.  Gregg,  W.  Jepm.  t.  M'uclear  .Materials,  2,  169  (I960). 

74.  P-  A.  Hejnea.  Oitite*.  Oepn.Tnin.  M..  ATnMiruaT.  1962. 

75.  H.  H.  Ojh’ui  HCKvii .  ,TIAH  COT,  59,  1 1  or.  (10181. 

76.  iY,  Enrol/.  II.  Sri/rrt.  ].  Klertrnrliem.  Sic..  98,  S3  (1931). 

77.  /.  Crouwemer,  It.  Snlerl.  1.  Am.  Ceram.  Soc.,  34  .  27u!  (1952). 

78.  K.  Kelley.  J.  Am.  Chem.  Soc.,  41,  1217  (1939). 

79.  /.  Brewer.  Them.  Hov.,  52,  I  (1953). 

*9.  J.  C p.  Snyder.  J.  Am.  Clieni.  S«..  73,  3102  (1953). 

91. -A.  loetr.  J.  Am.  Ceram.  Soc.,  37,  9*>  (1954). 

82.  A.  I.aubengnifrr,  A.  .Xevk'rk,  J.  Hoard.  J.  Am.  Chem.  Sue.,  65,  1924 
(1945). 

83.  G.  Cneillrror.  S.  Ann.  Chem.,  19,  159  (1911). 

81.  r.  A.  Pa.ti.’ifKKo,  A.  M.  Kvpnnjoa.  /»’.  II.  TtutoSeet,  C .  M.  Cnypamoe. 
*IAH  CCCP.  127.  |0|0  (1939). 


389 


r.illrn.  J. 


i:Wm.,-«3,  nil  (1030). 


8ft.  M.  johttm,  II,  HrrJi,  Bp  Kerr.  J.  Am.  Clictn.  S.*.,  73,  1112  (1031). 
i  87  /'  II,  ,  A.  }f  kMuBso-  (  * n\,  .1.  <fr.  ih'11  M‘t ,  M.  lio.iM.it  ho.  U,«it, 

\  cl»  roc.aniteunii  ii  <|I.I.'HU. "Wi\n.  Il  l  t- no  All  VCr,|>,  (OHO. 

\W,  -I.  A . '  Ill-Mu  ipiiK,  it.  I'.  Ii»pfyri-t,  Anxi(|i|on-  mm  iiniiui  (wipa,  M.. 
\  *  1 1  n \  k .i  - ,  %•» 

WL  II’.  SI, me.  II.  Hudson,  Hu  iff  hi  n.  Pli  vs.e  llev . .  >01.  !BIO  (1033). 

HK\f.  I r,.iitmui,.  I nH.  Kmr.  (’In in..  :i.  2  itoifc  3.  im;  (I9I3>. 

91.  \s-hUm,  J.  Margrave'.  i.  Am.  Cliem.  Soc..  7ft.  201 1  (1050);  30.  132  (10331. 

92.  r.lj.  linsitC.  I’.ue  ii-niiv  h  K|iiu  i.i.i.iuMt'inm.  >1..  Ila.t-im  XITV.  1031. 

93.  r.  /‘epneepr.  At«mhmi*  cnerrtpu  u  ct|>ociiuc  htimuh.  M.,  ll.’I,  1918. 

.  94.  J,  Cu  micro  n .  Ann.  Cliem.,  10.  130  (1011). 

96.  A.  Jiunurd.  J.  Ain.  Itockcl.  sue..  Ii?'.  2fti  (1910). 

",  98.  Ciijuuiioiiiir  no  |x-;(Kiim  Meia.i.inM  (n«a  po.niKniicii  K.  A.  TcMnci). 

XI.,  «Xliip»,  H'.'oj. 

97.  10.  If.  Ocmpc>/tiii.n  n  dp.  Ini  nil,  oro  vininn  n  ie\n<n«ciiH.  M..  Atosih.iokt. 
1950. 

98.  H.  Dml.  H.  Sue.  J.  Am.  Choni.  Sim-..  75,  6173  (1033), 

90.  O.  Coiicti mi .  I’r  i:,it>-  mi*i a.i.n-r,  XI..  •Mi'T.i.Ttypi mi*.  UN1 1. 
l(fcl.  .1.  //.  llec.Mi.i  n'f.  .Tan.iemic  n.ipa  MiMirnih'tli  xiruciiTuu.  XI.,  II.I.(-IK) 
AII  CTCP,  I Wl. 

101.  n.  .17.  riiei-Kor.  1 1  |MiiMtii>;icTno  Minium  M..  OflTIl.  103ft. 

102.  H .  A.  HI  II  In' l  non.  II .  li.  A  H'lptitip'nno.  ili'I'X ,  3(1,  1  (Hid  (1950). 

103.  M.  Mount  on .  J.  Until,  II .  Cm  lint  Itev.  Xlrl.ill.  31.  183  (1057). 

1U4.  T.  JrniH;.  F.  Ilhniri.  Tran-.  Al.MXIE.  (194#). 

**106.  //.  ,1.  MaKniKUH.  ;Klf X,  24.  4<’>0  M051>. 
j00.  IK.  F<is*?U.  J.  Gvibrun<»‘v %  J .  J.  Unnulton.  J.  Mutate,  3,  532  (105  IK 

107.  J.  Hurif r.  Tram*.  ASM..  10.  Ill  <IOi»i.  ' 

108.  C.  Strut.  1.  XI r I « 1 1 k . .  30.  07  tIOlS). 

109.  A.  Knl.  Z.  Mela  I  Ik..  12.  13  (1031). 

110.  O.  Hy6a lurmruu,  li.  Fonnuiic.  OKnc.letuie  sieTa/Mou.  XI.,  •MeTajnryp- 

ririi*,  1905. 

111.  II'.  ftoberlson.  H .  Vhfig.  J.-Elcrtrocliom.  Soc.,  00,  27  (1919). 

112.  II.  Site,  D.  Uibbt.  J.  I’.lectroehem.  Soc..  101,  431  (1057). 

113.  IP.  Campbell,  I'.  Thomas.  Tran-.  Electr-ichem.  Soc.,  91.  023  (1017). 

114.  A.  II.  Cupazon.  Bccw  n  4>imiiko-xiimiiiockiix  ucc.ic.to«aunn\.  XI.,  -llayna-, 
1988. 

115.  M.  Dignam.  IT.  Fawcett.  J.  Electrocliein.  Soc.,  113.  036  (1906). 

110.  Vacuum  Mit  rubalancc  Teclmniues,  vul.  II  (ed.  H.  Walker).  N.  V.,  Plenum 
Pre-s,  1902.  p.  153.. 

117.  Thermal  Imat-iiiy  Teclmnnies  (cd.  P.  (Jlaeer,  R.  Walker),  N.  Y.,  Plenum 
Prc«,  1904.  ”  •  '  * 

118.  J.  Hoggin,  II.  I’lunip.  J,  Cliem.  Hhy.-.,  44,  1081,  I960. 

119.  O.  K tavern.  Optical  Properties  of  Thin  Solid  Filins.  Buttcnvortlis  Scien¬ 
tific  Publication.-,  1053.  ' 

120.  J.  Tromtad.  Tran.-.  Faraday  Soc..  31.  1151  (1935). 

121.  4.  IVinlerbollom.  Z.  Elektrochem..  82,  811  (1958). 

122.  IP.  Smellier.  J.  F.lektroclirm.  Sue..  103.  209  (1956). 

123.  C.  Cochran,  l!’.  SUppp.  I.  Electric iiein.  Soc.,  108.  322  (1061);  Rev.  Sci¬ 
ence  Imtr.,  20,  11  )5  (1058). 

124.  A.  J enh’r.s.  J.  In.-I.  Xielals,  M.  I  1195.5). 

125.  J.  Harkouiti-Miilhick.  J.  Electrocliein.  Soc..  Ill,  0iT8  (1004). 

126.  fl.  Perkins,  I).  Crooks,  i.  Xtelals.  13.  49H  (1961). 

127.  H.  Bartlett.  Trans.  AIMK.  230.  1097  (10641. 

,  128.  P.  Pierre.  Ain.  Ceram.  Soc.  Bull..  30,  271  (I960). 

129.  A.  Mane*.  P.  <l>ptn'Ma w,  //»».  tww.  07.  •I’ttepnrriiuoc  ropeane-.  XI., 
•Map-,.  1067,  ct|>.  21. 

130.  H.  II.  Cn a.  I0HMC.  Ociiobi/  Teopiui  ropenim.  XI. —  .1..  1  ocnncpmii  mot, 

1050. 

131.  Om  utMecKne  h:imi  penim  B  raaoKoii  nuiiamiKe  n  iipit  lopcmm.  XI.,  1121.  1057, 

132.  P.  'Ppucmn.n.  A.  A.  Ilcrmn'Crpc.  CipyuTypa  il.n>MeHii.  XI..  •XteTiM.iypi itn*, 

P.NiO.  . 

1113.  II.  Frieiln,nn.  A.  Mures.  Ooiiilm-iion  and  Flame,  (I.  0  (I9i>2). 

135.  ft.  Fnnlman.  .4.  Mi’n1-.  Inf-  Sympo-inm  (Ini.)  on  Coml»i-!ion.  New  X'ork— 
l.iuulon.  Academic  Pie--.  !)«).:.  p.  7"3. 

135.  .1.  'hicel-.  II  SjM|fc.-iuni  'InM  on  Coiiilinslion.  I’lie  Coinlei-'ioii  In- 
-litnte.  Pitl.-lnir.'.  I0i>7.  p.  2"-’J. 

136.  II.  Cassrl.  I.  I.irhwnn.  (.omoii-ttou  ami  Flame.  3,  467  (10.59). 

137.  B.  M.  0cCce.t,  li.  .-I.  II, mn.  ,7  .7.  X P.  II.  Cenitsn.  Co.  * Ifc- 
c.ie,ior.ailiH’  ji.na  THHv  iiiitr.ne.r.-ii  ua  Tir-p.ioM  toii.tiibi-.  XI.,  Il.'l.  1963, 

ctp.  17.5.  , 

13ft.  .7.  A.  Foperan.  C 6.  •Ilcc.n-aoMmn-  p.iKeTin/\  ;imir»Te.n'it  ua  rnepaoM  Ton- 
.51.,  II.'I.  1963,  up.  IS!. 

130.  V.  Jpu,  A.  r opium,  P.  lilt aiin.  Co/  «reTeporenuoe  ro|»emic*.  XI.,  »Mup». 
1067.  CT|).  35. 


390 


I 


140.  fllvtcmci'niMiti'  rmnhtMinn*  (rd.  by  II.  G.  Wolfliard).  New  York —  Lon¬ 
don,  Academic  I’rerr. 

Hi.  /..  t)r \\,t.  I’li) mtm.  in.  r,:i.>  (io34). 

142.  A".  P.  ('oil In.  Hnroiiu'  linn  -  •  •(  iiincucrium  rildmna  in  varloijy  jlmo.-plierM 
NASA- 1  N-3-U2.  I*i'.  i. 

H3.  T.  lipacycmv«;Ku&,  It.  I'.tjtr. nr*.  Co.  •  rerrptiiouMoe  ro  pewter.  M.,  »Mitp», 

1007.  cTp,  50. 

f44.  A.  Tp.i.,1,  .  Co.  cnn  .io.ioH.iHin<  patfernux  ;wnr»Te.Tcii  na  Tr.ep^ou  TMi.Time*. 
M.,  II. 3 .  I'.Mi.'l.  cTp.  ISO. 

143.  .4.  Crott.  7,  icn’-nj.  Iml.  K  it  j .  (  Inin.,  30,  W3  (1038). 

14H.  1..  .\el>on.  t.  Jondberg.  J.  Phv*.  Client. .  6,3.  433  (ilCi'J). 

;  147.  J.  MeRun.  .V.  lVrhorjion.  ).  l’liy.t.  CJi.m..  6?,  1208  (1964). 

148.  1..  S.  A  etton.  N  jHlfi*.  118.  I" '  t'l  lllfci.'it. 

140.  J.  Melton.  i’n>»l\ n.ii -.  3.  li'.l  I0(i‘il. 

150.  J.  Melton.  Nature.  2u7.  Til  -I'.Mio). 

151.  J.  Melton.  1|i!i  SympoMiim  iltit.l  on  t'.tin’buetion.  Pittiburg,  Tiio  Combu- 

i  '  .  *linn  ImtitUlr.  iotii,  p  pit. 

.  1 52.  If.  Parkin.  F.  Urn.,.  Pr.*.  Utiy.  S,*..  A262.  4U9  (1061). 

153.  A.  Kuebler.  J.  Melton.  1.  Upl.  SmyAni,.  ."»l.  I  til  (1961). 

*  154.  A.  0.  Re., net.  to.  II.  0p< uoe.  .1.  It.  A'epo moon,  (fi  ll,  4.  323  (1008). 
y*.  155.  H.  It.  .7 nopenmhot.  R.  tie. i.ri,.  C.KoporTiun  Ktiu-iru'MKa  Kanopoi)  CKC-2. 
M..  «ltcKyccTn<>*,  11813. 

156.  H.  If.  A.  0.  R'., tee.  I’openne  rcTcporenttux  , mil. Tenet;  |k>s»huux 

cnerex.  M.,  •  Hayna*.  1007. 

157.  A.  C.  ,Ti/6mu k.  <l%tiifpnij ii’ii^Kan  peine tpaiuia  OwcTponpoTeKiiomBX 
nponercu*.  M.,  «HavKa-».  Mail. 

158.  J.  ft.  A  Ullineipoo.  7-8  I’lt'llv'HIK.UIlK.tn  ItomaytOBCKOH  KOU^iepCBUnH  no 
■onpocau  ncuapciMH.  rupciiun  it  i.i;oitou  .imiauitKn  .nicnepcHMX  ciicrew. 
Ojufcca,  ll  ij-iu,  Ol'V  it'i.  II.  11.  Moiun Kona.  1967. 

159.  It.  if.  R,j,-pn'iioe.  /».  .1.  r  none  poo.  Cpcnna.TMiHe  bu:iu  KitHOCxeuKn.  M., 
•  lIcKycfTdti-.  1050. 

,  160.  J.  Trotlel,  It.  Freiert.  Client.  Met.  Eng.,  30.  141  (1924). 

*  ■  161.  A.  Beyle,  F.  Leutll’in.  1.  Client.  Soc.  Iml.,  69,  853  (1950), 

>  162.  B.  A.  (/’roofer-- ,  T py.na  OfV  mi.  ||.  U,  Me<iniita>na,  ccpim  ij-na.  na\  if,  tiuti.7. 

Oti-rej.  j'*)-, n. 

163.  B.  I.  '!>•  ■•cere  ’I’lt  iilu.i  mpcimtt.  Knca.  tllnyK-iH.i  tvuifn-,  |9tiO.  CTp.  17. 

164.  B.  A.  ‘/‘ertorere,  M.  II  imni'jiu,  .1.  It.  IttiimeiiKo.  fpn.iiiKa  rnnei’iiR.  linen, 
rHavKon.i  .ivmka*.  ISh’.i; .  tip.  20. 

165.  B.  A  .  I.,  ■nuKoe.  .7.  It.  0rrorcee.  il'iimna  rit|>emra.  Kne»,  •Hayunna  nvsiKa*, 
19(10.  erp.  37. 

166.  or  .|;  iinetiih.i  ii  tepM.i.tmi.i'miia  utMipicrMix  jieaitiuiii  ii  itiUKnreMncpaTvp- 

n-ni  n.T.i  me-  (tine  |M-  inKitni'ii  .'I.  C.  IInTana).  51..  •  Hayna*,  I9G5.  rTp.  If..*. 

167.  M.  .1  I'ljpeoun.  Ii.  II.  t V. ’-I r. -I Tpv.iu  .*11111.  At  230,  91  (10117). 

168.  .V.  .1.  I  vpeni it.  .1.  M.  <!'l  Ii.  2,  ISO  (1008). 

169.  .17.  .1.  r 'jperun,  A.  M  Cm- n-i-e-.  (I’flt,  3.  334  (1 90S). 

170.  <  •).  •  ripttt,. ijeiine  m  u  niniinn  mi  jp-.iiiiiaMiih'.-i*.  M..  *Mirp*.  1005,  rrp.  70, 

171.  0.  ,1.  i/  ni-l.p.  llptrt.ll'Mil  ll-Klrl.l  II pit  IMMlilUIt  |M-ilKTI1ltllM\  HllllllpdtOI!.  M.. 
TV.  .imiau.  it  iMiti’ip-iOT.  It  . '-'III.  1 03„*. 

172.  It  ’/’.  II >•/„ . f .  II.  I'.  s'-.  II.  M.  .l/n.ivf.-.t,  ft.  .1.  Ce.'e wm,  rnpeiiiM- 

M-  i.n  iii  .iiptiM.mine\  imii  ii,iii-ii;iiiitai:nie\  nk-iPM.  M..  IT.\(|»  AI1  CCCl*. 

t!8(2. 

,  ,  *  173.  B.  C.  .7.. .-ii-ter.  liimjiu.iTrif.iii  .nter-pT.ninn.  M..  ll.N'l*  All  CCCl’,  1963. 

j  174.  It .  0.  tlo/n.i ,  C.  C.  ./u.-otee.  II.  M.  M i,:iee.  t|*ril.  H,  30  (1970). 

175.  II.  ,1.  0yt!t.  Me.vaiiNKa  *»p-- HVien.  Ml.  Ila-ini  AH  CCCP,  1055. 

176.  It.  I’nt'el,  J .  L'thmnn.  Cnmbn  linn  and  Flame.  2,  407  (1058';  6,  133  (1002). 

177.  4.  II.  lie., tee.  J.ieurpeMeri  i.iypriin  a.TUMiinmi.  M.,  McTaa.Tvpui. it.it, 

•  1 053. 

178.  /I.  A".  Seim,  II.  B.  fltnmui'Kriil.  Kn.TttqecTDtn»Hii  aiia.itia.  M.,  tBiacman 
lliouTia*,  1968. 

179.  3.  C.  M’jtnna.  (I’n-euKo-xmineerKite  mctoau  aHa.in.ta  neTjason  n  ennasoB. 
M.,  rBwcman  uiKOfta*.  1350. 

180.  r.  B»n-9t  Xa.teni.  Paccenimc  ea«Ta  MO-TMtin  nacTitnatui.  M.t  11.7,  1961. 

181.  G.  Mir.  Ann.  Pbv-ik.,  23.  377  (1908). 

'  182.  M.  Rayleigh.  Phil.  May'.,  41,  107,  274.  417  (1871);  47,  375  (1890). 

183.  If.  F.infiihnmt;  in  die  Knmy’meK-n'iis-livIinik.  Springer —  Verlac, 

1060. 

*  131—  R .  Gumpreehl.  C.  Sliepeevich,  J.  1’livr.  Client.,  57,  90  (1953). 

.  185.  M.  Prop.  Chem.  weekb!.,  51,  480  (1961). 

186.  M.  Reism,  K.  Butler.  J.  F.lorlrochcni.  5oc..  101,  140  (1954). 

187.  A\  flrnooecna*,  If.  Op.totcKud,  C.  Cn.vn,w*eta*.  KaynyK  n  pc  inaa,  3,  28 
(t957>. 

188.  H.  Rote.  R.  Sulliran.  Nature.  184.  4047  (I959i. 

189.  II  If .  Aoeenon,  Ii.  Il.‘  Rirnennenu.  ili'OX ,  33.  215.7  (1063), 


V 


391 


190.  A.  M.  litmu-lip'iett’i  *.  l,a.‘lltoM"l,l|«>UIIKJ  M  :MiCUl'pirii-MTll.lMloii  $11  IIIKC  - 

>1.,  •IllJVII,  1960. 

191.  F~  Guektr.  Proceed  int-s  II1"  Industrial  Waste  Conference,  May.  1956, 
p.  2M. 

192.  if.  Tirher,  S.  Kot:,  A.  Jitherman.  I  hid.,  j>.  208. 

193.  .a.  r.  .7'iKmuoHot,  Ilja.  AH  C.C.CP.  ccpiw  r<sN}>iii..  II,  213  { 1 030). 

194.  D.  J.  ItamuH.  ilpmlnpu  n  tomt.  m-viii'piiM.,  6.  89  (1057). 

195.  It  <P.  ft ojcu.i .  .loKTopchan  .mco-pTaiimi.  M.,  IIX'I>  AJf  CCCP,  1935. 

196.  n.  <P.  I.'oxua.  C(5.  .(pinnKa  aipuii.i..  .V  2.  M..  Ilu-no  AH  CCCP,  1953. 

197.  11.  4>.  horn.i,  A.  JI ■  l‘l>iii tdouoon.  ;i;«I».\.  311,  2757  (1905). 

198.  3.  H.  M;yr.'.<,04.  A.  r.  Mepxnt,ot.  JAM  CCCP.  157,  112  (1964). 

199.  <7.  Heotk,  n.  /lint.  .3'"  Symposium  (Int.l  on  Combustion.  X.  V.,  Wil¬ 
liams  and  Wilkins,  l!*02,p.  711. 

200.  /.  Vandenke ikhme.  A HS —  Journal.  10.  1400  (l!"(t). 

201.  J.  lhchtatrer.  K.  Pn.-e.  l|»n  Synpo-imit  Hut.)  on  Combustion.  Pill-hurt, 
The  Conibu-thin  In-litutc.  1967.  p,  103. 

202.  J  Watermen'.  H'.  Aungtt,  S.  Pjofi.  9ih  Symposium  (lut.)  on  Combustion. 
So*-  York —  Condon.  Academic  Pre-s,  1903,  p.  310. 

*C3.  L.  Poctnellt/,  HI  Rosrrutetn.  V  J  A  A ,  2,  10  (1902). 

201.  If.  <t‘.  flortu,  .7.  ,7.  PoMotini<a«<i.  Co.  •Ten."*-  if  uaccnnepeiioc*.  Si  4. 
Miiiick,  1966,  crp.  18. 

2' J.  Yondenkeri.ini  r.  .1.  Jonmottf.  8th  Symposium  (Ini.)  oil  CotuliUStlon. 

flnlliinore,  William.-  and  Wilh'i -.  !!h'.2,  p.  oy>. 

206.  ft.  <P.  IIoiiia,  H..C.  .7n.niff,  II.  a/.  Mn.<b:ir,..  <l< P H ,  6,  143  (197"). 

2"7.  II.  0.  lloxtu,  II.  C.  .TtKimeo.  ft.  ,U.  Mnjt.nro it  jp.  JK <*>X,  39.  1281  (1965). 
2^8.  n.  tf>.  flnni.t  it  np.  IK'I'X .  12.  235"  (lixlSV 

2"9.  V.  A.  Selesner,  I*.  A".  Pvkk  I.  t  n’nhn-1 ion  and  Flame,  13,  139  (I960). 

211*.  J.  F.Wmf.  II".  Smith.  Comhii'li-m  and  Flam.'.  G,  173  fits;"). 

211.  A.  H.  /VyiAiw.  (A  in oiw  nii|Hoii-Tpmr.  M..  »\|i-Tii.1.ivpriiu>.  |96.{. 

212.  A.  A.  Bettuu.  Kan  ui.niTi  i.aii  .m  i  •nt  aniui.  M.,  All  li.i:|»,  1962. 


213.  O.  A.  r'p«ii’t>i>.o,  II.  i.  fPe..npo„,  1  cii.ku.uo  u  Ti'iiieparypniar  naMi-peuitn. 
Knee.  *ll.ivi:oiia  ivvi;a».  1905. 

2.4.  A .  A..  /iii')«i<ie.ii«.  1I  im«  |m-i  :h'  t<  m h.-i-.-i i  \  pu  ii.ia.viinn.  M.,  Mer.i.T.ivprn.'uar 
1961. 

2 15.  II.  II.  r'eifease.  ,1oi:Tn|s  imii  im  i  rpTaniin.  M.,  d'lIAII  nw.  II.  il  T-.Vacsa. 
l***.:t.  '  ’ 

.to.  <P.  II.  r>ivif<K  X.  37.  C"<p<  .....  On*  ui  ii'ii.-m'  u  m<  o.mrn  o  r.imn.M  aima* 
viiki'.  M..  Id,  1957. 

217.  Cu.  •Ti-Mni’paijpii  II  cc  n  iuc(s  nrtr»,  M.,  H.T.  I960.  crp.  77. 

21*.  r.  Pu6o.  Onnr-iiTi.aii  imjs  u.  i p:/H.  .M.— .1,,  riTIf.  1934. 

219.  H.  M.  Mn.tt.nr  .  KaimnaaTi  unit  Tmeeprauitn.  M..  IIXT1  All  CCCP,  |!'6I. 

22".  It.  <1>.  11  M.  .V-MMp/i.  ./.  //.  I’.i.ibHfp'in.  ili'I'X .  31,  1  f.:  >  (|9i.0)' 

23 1,  tl.  M.  Ah  Jl.lif*.  //.  </>.  II or u. i .  .[All  CHOP.  132.  P.16  (lt*6ui. 

22.'.  It.  <t>.  flortu.  11.  M.  Mn.it.ur ».  P.  fl.  .7 .jKoiueta.  /K'I>N’,  35.  5  (I9t)l). 

223.  A.  r.  VrittioM.  (:iii>nri>oci..'im«  n.i.nn-ii.  J|.,  U.T,  ]939. 

221.  A.  r.  ItA.tn n.  X.  /'.  Ho.tt4t.op...  II. i. mu,  ero  rTpyiavpa,  nny'iemie  n  tpm- 
neparypa.  M..  1121 .  1938. 

225,  CO.  •PaanaiiiiomiHe  n.iMepenmi  immepoTypw  e.iaOonarpetUT  (noa 
peannmtcii  11.  T.  Bai|iirai:ii.  .Viiik  i;.  Jln  i-uo  liTV  1909.  ctp.  59 

220  A.  r.  Crrp.tdof.  II.  II.  OtOf.'t*.  iliAT  l>.  21.  93  (1953). 

227.  /..  <7 rt’p.  llrit.  J.  Appl.  I’hys.,  10.  957  < | 

228.  /».  rhonint.  Crinilm.-tiun  and  Fhitiu'.  12,  511  (ItiOs). 


If.  G.  Wnlfhnrd.  II  .  G.  Parkrr.  I’roc.  I’hys.  Soe..  02B,  523  (1949), 

A.  Jt.  r tutk.n.  II.  Prp.t.  Viapiian  TpyOa  o  .xiMiii'iocKoii  <jnt mi;e  mrcoKn* 
Tevj«'P*Tjp.  M..  •'Inp*.  I960. 

P.  M.  Mojtrmnn.  K.  Shutrr.  SnVnce,  MS,  612  (1953). 

IF.  Sntlltman.  Combo-lion  ami  Flame,  II,  401  (1907). 

H.  Strong,  F.  liuntlv.  !)■  to  rum.  3:9  Sympo-jiim  (lot.)  on  Combustion. 
New  York —  Condon.  Acadrmic  I’n-s.  1919.  p.  Oil. 

A.  Vrn  Kngtt.  C n;inn.  I'pv.,  I’l.y--.  Sop.,  82.  >m  (1*163). 

A.  Mrllor.  Pyriaiynamic*.  3,  13  (1965). 

A.  Mt.t.wp,  11.  rAateuaH.CH.  <roTejiorcMH'>e  ropcmie*.  M„  *Mnp»,  1967 
crp.  164. 

T.  fipxycmotcuiiu,  If.  FA/ictAnit.  Tan  we,  cTp.  126. 

T.  Epx'tcmooryun .  II.  F.mer.or.H.  Ta'l  -oe,  ctp.  Dl. 

D.  Kutbl.  Pyrndynainic.*,  3  .  65  (1963). 

C.  M.  Drew.  H.  II  Krtipe,  A.  S.  Gordon.  Pyrodynamlcs.  1,  323  (1936). 

7,  Crump,  J.  Prentice,  K.  Xmeutle.  Combustion  Science  and  Tuciinoloev 

I,  205  (1969).  5 

P.  Hill,  D.  Adamson,  D.  Folnnd,  IF.  ilressette.  Nat.  Advisory  Comm. 
Aernn.  lies.  mem..  1965. 

/.  Dean.  ARSJ,  31.  463  (1961). 

H.  Bp n.  05.  alfcr.ic.ioBamip  paKoriiwx  Bsnraie.ieii  na  TBOpaon  lon.tnne* 
M.,  H.T.  1963,  rip.  191. 


2V*.  B.  Frtetimtin.  B.  Xu  gent.  Symposium  (Int.)  on  Combustion.  N.  Y.f 
Refnhold,  Publishing  Cor:*..  11)57,  p.  641. 

-46.  a.  D*v*».  Combustion  ami  FJarue,  t%  359  (1963). 

247.  n,  0.  JIojuu.  J.  Poao(«:hO("i,  B.  M.  Mount",  B •  C .  JTostf*##,  B.  A . 

CeueuH".  Trnfftf  Hrpiioto  lli«t,onMm>io  titMiiojiiyua  no  l oiK*fiHw>  n  hi  n  win 

M. t  •Tlavh.i*.  1?K>8,  et|».  h. 

24S.  A .  0.  />.,  :«v,  //.  ('.  «.  /! .  //.  i\Qp(*mticn,  JO.  0.  0ju'.to*.  T«lH  :».v 

crp.  93. 

249.  /?.  >4,  ryrmlyn«iniu‘s  3,  !6f  (1965). 

250.  O.  ShmUnik' ,  .)/.  S*tirrpitm/».  Dull.  \Voi>k<>wij  aVadcraii  Teclui.  j  Dull- 
rou>kirco.  12.  37  (1963). 

251.  A.  0.  li'.mr*,  II.  C.  Hp.vn.mr..  A.  It.  Kopontuo*,  10.  H.  4>poAot.  <MTl 

2.  ;n; 

252.  II.  ,7.  -,i;T<l>,  12.  231  (1942). 

253.  ,1.  V. ...  I'jm  iii.iii  TeMmua  ii  ic<j*  M.iiiauTnK.i,  !2.  83  (1 90S). 

25-4.  ^1.  M.irtk.  J.  M.  Srmplr.  12")  SymjHK«iiiDi  (Int.)  mi  Combustion.  l’ils- 
lmr^li.  lViiii»ylvania-  1!h;s, 

2n3.  M .  A.  /  '. /. <•.!. 'I .  II.  .17.  hi./'niinr.  E.  C.  Ojrpot.  <l>ril,  5.  217  (19691. 

25fi.  A.  .1  J.  Si-nplr.  ,\!A.\  It''-  I’ntpiilsjori  joint  ?)«*iali-*t  Oinf.,  (1,1,,- 

railo,  IMi'i. 

257.  It.  A.  'I i.-.;,,-.,,.  ((iii mi;.!  a  •p<>.:in  I'uv  r|ic.l.  man.  I.  I, non.  I I-i.i-i:.. 

lilti-ln  |;..I>|  ymnn  pi  liiela.  f.M.ti,  .  i;>.  SO. 

238.  J.  I'rent'ce,  ('.  M.  Oretr,  II  (  .  < /•/••-■'rn.r.  l’yro*ly num i«-<.  3.  HI  (1965), 
251*.  r.  A.  Ihipwit.ct.nu.  I'u prune  icaii.iit  iKiuKom Tuli.niBii  ( mijujiv  iiiminafl  leo- 
po«>.  Tpyrw  mill  Illi. VII,  .V  li.  M..  1913. 

26t*.  .7.  A .  Hj.hhku.  Ci7.  . I  . i;,'H ii*1  iiivmIi.i  :iim\  eiiiTrM*.  M.,  II.ia-HQ  All  CCCp, 
1958. 

201.  R.  W.  Rnrllnt.  J .  .17.  One  II'.  .1/.  F«**ftl.  A.  Popp.  Comlm-tion  anil  Flame 
7.  227  (1903). 

262.  A.  Cordon,  in'1  Symposium  (Int.)  on  Combustion.  Pittsburg,  The  Comtii- 
elimi  IrwidMo,  1967,  p.  210 

2C3.  T.  II .  Unittfnbrrg,  P.  O.  Jonrun.  J.  Opt.  Soc.  Am.,  II,  lu*t  (1958):  50, 
WO  (I960). 

204.  II.  <!'.  IJoru.i.  /?.  .17.  Mn.tuiee,  B.  .17.  Moro.iw  ncc.ro.n>Jaimn  npo- 

ipTC'in  rojK-min  ii  .n-T'iii.mirn.  M..  •  Ilavsii*.  1909. 

‘  p.  II'.  Pear*'.  .-1.  (1.  <1, hi  Inn.  The  iiiclitifirotiou  >•!  mol'-cillar  spectra. 

N.  Y.,  J.  Wil.v,  l-.i.V). 

2ti6.  F.  I'nhenr-Pfltnlu ,  fi.  Itr.ru.  Hill.  Hoy.  Sue.  Svi.  <)<•  Livs.'<‘.  'i''o  (1‘J-il). 
2C7.  B.  Hi/ihkeirtlch.  (jxiilc  t'.ramicj.  N.  V..  Afailrmir.  H8H). 

288.  B.  77.  Brttrnfro.  ,'f.  Fi .  V’fp.  nu .  //.  It.  ho  nil  nn  nttr-r.  II.  A.  M  ro.rdrt,  E.  .7. 
tppanuttuH.  riipaan'iMiiK  .Min  piiin  jia  ipwaa  mimh'h,  kux  t  uaaeii.  norcn- 
una.'iu  noun  laiiim  ii  rpnjrtMt  n  j.iem p.niaM*  M. ,  1131-uo  AH  CCCP,  lt*>2. 
21.9.  A'irvr&VM.  Mctall.  14.  213  (I!»'.fn:  13.  873  il!8l|). 

27<>.  Jl-  rutuf.  .i ... <rp .  y ,  h'rpnur.  P.  I.rpu.  Mn.icKy.iH pilau  TiopiiH  ra.ioa  n 
»-itaitucTpit .  M.,  H.l,  I'.ail. 

27t.  77.  r.iorrunn.  Cjj.  •llrcacjnnauiTo  paKeTBUx  flunraTiviefi  H*  TaopaoM  lou- 
•iwito*.  M .,  11,1,  19f>3.  ctp.  171. 

272.  JF.  H.  ItAMtxo.  (PTB,  3,  4<14  (1'jGO). 

273.  C.  Chrithansf.  W'ied.  Ann.,  19  ,  267  (1883). 

274.  J\.  A.  G>po  n  k- ft  o. *  tun.  mt  it.  J  n  y  3  h  a  n  Trimouepeaaia  b  xiumaccKoii  k«- 

neroKe.  M.,  •Ilayita*,  1907. 

275.  y.  X.  Uopptuc.  r iinopjBVKoinae  Tonenmi  aaaKora  raia.  M.,  «Mnp»,  1966. 

276.  D.  K.  Kuehl.  37.  L.  ZcilWnberg.  IGHPG/AIAA  3nl  Solid  propuinun  coni. 
Atlantic  City,  >"ew  Jersey,  l'a'>8,  AIAA  1’apcr  6» —  '.!*6, 

277.  37.  Hock,  77.  I.ohntton.  J.  Am.  Cliem.  Soc.,  76  .  256H  (1956). 

278.  .7.  77.  .Yumpmi.  <1>naiiKa  Bipuua  a  ropeHoa.  M..  Ilia-ao  MrV',  1957. 

279.  T.  F.  Hnrlcv.  In.-t.  Fuel,  4  .  213  (1930). 

230.  A.  A.  Orntn'g.  Trans.  AS.WK.  64.  497  (19.32). 

281.  J.  Hunger,  0.  Werner.  Arch.  Ei.-vnhuttenw.,  23,  227  (1952). 

282.  /.  L.  Blumentalf  3/.  J.  Santij.  llth  Sjiupo?iuin  (Int.)  on  Combustion. 
Pittsl/ur^h,  Tlio  Combustiim  Institute,  p.  417. 

283.  A.  Kejtrt.  Popcuno.  .xcToaauna  n  paoora  aapwaa  KOHaeucnpoaaHuwx 
Caere  if.  M.,  *hayita»,  1968. 

;• ',  cf>.  »Tinpna  aapHauarux  bi'iicctb*.  Tpy.m  MXTI1,  awn.  53.  M.,  «Bur- 
uian  inKo.ra»,  1967,  crp.  170. 

.  '.  II.  <!'.  Iloxv.t.  n.  C.  .'ft.,  irter,  ft.  M .  Mu. itu.-n.  'M  B,  6.  407  (1970). 

2*-..  Jl ■  1ft-  IfttJe.tJtt,  T.  fl*.  f>euH.v>p0nt.  GO,  illolipiH'U  lupciiUM*.  .W . ,  II.  I,  1953, 
crp.  241. 

1- 7.  77.  ,17.  tlaytUKiiH.  X mmhh  poaKTiimiux  ron.rna.  M.,  Ha.r-ao  AH  CC.CP, 

1962. 

2- -.  M.  Ilnpnrp,  A.  lftoj).Kom,  11.  <t'.  BeAm,  Ht.  BnndrnnrpKzcte.  PaKCTBUo 

.ninraTi-.ni.  M..  OiTopomin.  1962. 


PTD-MT-2^-551-73 


393 


V  1  _•  •.  Jl.  /;.  Jf.lhthollH.  M.  A.  Pll-.IH.  ,'t ■  A.  0/IBKoA‘lWrlMWI/fi.  II MIIV.II/-  J»>- 

i,  I  aniitinn.ii  cn.iu  in*|i.ix»>i:i4\  !»;•!:•  t.  M..  t tOnjioiini.i,  1!*'*3. 

*  I  2*-  \l .  I.apptp,  A.  item.  />•  •/■/■/«'  'V  lltliiht,  Hi.  B‘iH"fHhepriui:t.  ,1hi>- 

a.ciim’  pa  KPT .  M,.  1121.  I'1'-1 

I  II.  .If.  ni’imip",  r.  tO.  .1/.. i'ii.  II.  K.  llpi.^HUKOffi.  Tiiipnn  paia-Tin.io 

.inni .iiivtn  iij  iM'i'ioii  M..  •  *•  I‘J*>*>. 

.  /*.  K.  Copt  .  H.  I'..  »n,  |»i.>  iniiiMiiKa  paiieniM*  .iimraic.ieii  it.i  t.mi- 

.  lit  hi-.  M..  •Il«>i;,i».  1907. 

.  It.  i.  A.irxiv.  -.  l.  i.i'iiM  pain  iiiijx  iiii'iiiTv.'i-  it.  M..  i'Oop«.iiiii  i.  I!*.. 2. 

.  ■ ,  u.  p  ..I.ir.*- .1.  i.  .in.  .1.  /-'.  I>. «<■•  Tmpuif  pain  mu-.  niiii- 

iaTi-.iri'.  M..  •M.iU'iiii.h  i|..>rini>  ".  I**i>'*. 

29.7.  li.  R.  OpA  >*,  /O.  Majiii  .-  l'.'pM..,-.i-n.iMiiirrMu-  n  ua.i.i*tcTii<Kr.:ne  wim- 

aw  itpneKiii|>oiinitiiH  poKCTiiwv  ;uuti  jriMuii  ua  iin-p.losi  toii.iiiiic.  M.,  »Ma- 
imiinKT|»iiui.-*,  1604. 

A.  Jl.  Cu.-aumtst.  Tnep.ii.ie  pata-riiur  T.m.iiiHa.  M..  »Oim>|».mi ii  i«,  1964. 
2"'i.  }J.  /.'.  .?f.n.n.«iix.  Td.pim  lopi-imii  li  .H-Tiiiiauiiu  niaoB.  M..  llm-im  AH 

ccc.i*,  i aw. 

2*iX.  /■.  .u.  h'oHdp'im h.v.  Tiiwiniiwr-  i:.iM*-|H.-inii».  M..  «lf»VKa»,  1958. 

2Yi!  /7.  <p.  Jlout.t.  .7.  .J.  il.'<l*\.  39.  2757  OPOO). 

" 11 1  .7.  ,7 ■  Po.MO’hlltOr.t.  ii.  <t>.  thru...  u>rri.  i>.  tjr,  (Hi7n>. 

.Mt.  //.  ji.  it.  c.  //./k w.«i>x.  ;«*,  ii  ii’.iH). 

5"2.  O.  II.  ,7/iVHiinrkHfi.  >l»«l-\ .  .Ii.  177  (I90'i|. 

»•:!.  /;.  it.  HvMX',.ir...  ;ix>t>\.  n«.  iv.;  ;(ah  coop.  i.h,  moo  (i960). 

■  Poet"  map.  piiin  «..»if.*:!im.  M..  II  I.  1'i.V.*. 

.‘.u.7.  Ra  S.  It ruu nnx.  A".  (>.  -mt .  J.  I  ■■in.-.  Am.  8*>e.  Metals,  41,  117  (1952). 
(!*«;.  /.  r.  Mtnhiutn.  v.  Grunt.  J.  Oi»r«..i -n.  9.  19K9  11953). 

3n7.  .7.  C.vym,  It.  Ilp’uc.  PaiaTH.iK  i.xniiKa  u  KorMoliaiixiiKa.  5,  170  (I960). 

•  •"I'.  Jl.  C.vym,  l>'.  II p'liK.  PiiKi  tiiaii  Ti‘MiUK.1  It  KoOhiitaimiKH,  1,  !2l  (1907). 

aiKl.  .7.  ('.nym.  li.  Up, tuc  I'ah'i'in.iii  ie\i;iu;a  n  M.c'i'>iianTiii.a,  8.  4i  (l!n>5). 

’ll  ft.  T .  MnKcxtH.  li.  flu-i'ipiwx.  I‘.  .Mii.nu.  •'».  ♦IVTi'poieiiiiiiff  roprmio*.  M., 

*Mitp«.  I'.a>7.  np.  .’.I.'i. 

■II.  T.  MttKr.urii.  I’aK.'TIMH  T.'MII.I  a  a  K.a'Mi>ll»HM-i;a.  a.  2a  i  { ! 

•  112.  .7.  / 'pun.  1.1*1.  n|‘i ■  Ji. •  i  i-iiiiih-  i  ..in  um- M. .  ••  l'.,->7.  i  tp.  2S2. 

il.l.  //.  M.  Cast"’',  i '..hi l.iikt ii.ri  anil  Klnnir.  ti.  I.'il  ;I!H'>2).  3.  i'>7  ( I !>"»!•) .  .>!* 
Svm[R>j.iiim  (Ini.)  on  faimimjitii.'i.  Halliiii.iri-.  \Villiain<  and  \Vilkiii5, 
19-19,  p.  18.7. 

Mi.  A.  <P.  />.!*«.  ,7.  J.  Roj»m*a.  '.li'l'X,  21.  I3"2  (1950). 

■MS.  ,9.  It.  .\laneu.vo4.  A .  /".  M pX’H'or .  R.  M.  Ilh;npn.  il'I'D,  1,  2!  (in.)7). 
■Mil.  .7.  Jl.  lle.Mfti,otio*ii .  II.  ip.  Hn.ru.t.  il'I'H.  2.  277  (ItNill). 

•M7.  R.  Xuaa,  T.  liomnif.i.i.  I\'  lamm.iiivM  «1>hii|..h.m  ropoiinH  n  joTonaunon- 
MW \  H0.1ll».  M..  •Oliiiplllll  II  I ",  I'.Tlh.  l"Tp.  2Hi. 

•MS.  *1>m iiiMPCKaa  anmiK.iniimmi.  i.  I.  ar.iiw-TCK.iH  3hhiik.iodpjiih»,  I960. 

•MU.  II.  IS.  Jrab.latri.x,  Hu'lTip.  12.  I'.l-iS  (H'12!. 

•*2".  Y.  R.  Zrltloiich .  0.  1.  RmtiMitt.  ('..mlniftion  and  Flanu-,  3,  61  (1959). 
••21.  /;.  R.  l/nin, xci.'o*.  jlAH  Mild'.  Ill,  15)  ( I *. n > I > . 

-•22.  S.  r.  Rnn,.  J.  Ci.rinr,  IW  Hoy.  8-h:..  I97A.  9>i  (1919). 

•■2.;.  O.  A.  A'.irn .  II.  II.  ir.it,".  ilman  nfK.ai  miiiiiii  inipoMria.i.iyprmccKnx  iipn- 
ihtcob.  M..  .\U'Tai.iytirii uai,  I!«i2. 

•-2>.  .1.  ip.  flr.i.itr,  i.  [t.  if,  nil  Ui  eh  A .  )K'liX,  36.  I  [l  30  (1962), 

*'2-».  r.  II.  .It/t... i.tntr. .  A.  II.  //fl.//pri7rnko..'7l»4|,\,  36,  2781  i!9tl2). 

•*—•».  R.  R.  ropOjhOh  n  .ip.  <l'i  n.  2.  271  (1969);  1,  2  (1968). 

327.  r.  Haem.  BipumaTUc  nonrcTBa  n  rpo.tCTna  nocn-iaMcncuim.  M. —  JT., 
OHTI1,  1932. 

328.  C.  IS.  Piiinitrn.  10.  IS.  Sapumon.  7K<1"X,  20,  221  (19',C). 

329.  II.  M.  lloa.ofii'uHUKOit.  fl.MT*l>,  5,  113  (1903). 

330.  A.  H.  XptMUH,  n.  <P.  Ilozu.t,  M.  II.  Apuf on.  flAH  CCCP.  131,  1140 
(I960). 

331.  II.  A.  Cook.  J.  Phys.  Chom.,  01.  2  (19S7). 

332.  J.  Taylor.  Detonation  in  Condensed  Explosives.  Oxford,  Clarendon 
press,  1952. 

333.  G.  Kart.  7..  Sri.,  ti.  Sprc't..  5  ,  251  (1901). 

3111.  CO.  •Tepnojmi.iMiPKCKirr  cnr.iinna  iinmiHn,iva.ii.iiwx  BemccTn*,  t.  II.  M., 
Ilw-ito  All  CCt.}',  1962. 

335.  il.  A.  Cook.  Science  of  l.ieli  explosives.  N.  Y.,  1958:  M.  P.  Murgni. 
1.  Clietn.  Pliys. .  21,  1403  11535). 

330.  H.  IS.  Sf.ii.  htrtih,  .1.  r.  Kootnaurfi;.  Teopnn  aeToraimu.  M.,  rocreMoop- 
nwuT,  l!'5.i. 

137.  A.  H .  Anvil.  It.  M.  RnatmtleSi -jKoa.  TIMT'I'.  1.  55  fl900i. 

333.  .1.  R.  A  nut’,  it.  M.  R’.e  ■ii,ri,i’<  /'.  t..  CutHuet.  11317*1*.  5.  115  (190.".), 
339.  JI.  II.  Axu.nnfj.  ./.  II.  <  mi.cn li.  A.  H.  Arum.  Hl  'ilKa  nprvi*iiil  |iP«!;i>tiii 
•.noMmiim  n  .i<'TO!i«iint..iiiioii  n«>.m>v  M..  II X*I*  All  CCC.I’,  1957. 


PTD-MT-24-551-73 


394 


340.  a.  n .  ;i pi’Miin.  n .  <i>.  ii iiiii.i.  ,t\h  kii.i’,  128,  uso  ( 1  usio. 

341.  I.  Brewer.  *1.  II’.  Searct/.  J.  Am.  01k  in.  Soc.,  73.  r>3(*S  (1051). 

342.  At.  A.  Cook,  C.  S.  If nisle;1.  J.  Appl.  Phy«.,  27,  200  (1950). 

343.  A.  ft.  A  min,  10  .  A.  .'foi',cer«.  06.  «,I|n'tHKii  mpwnn>.  M.,  1 1 -t.i-uo  All  COOP, 
1933.  ct[>,  3.  WO.  125. 

344.  Ii.  Edse  rt  al.  J.  Opt.  Soc.  Am.,  53.  430  (1903). 

345.  II.  A.  Cook  ct  al.  J.  Plivs.  Oliom..  58,  1114  (1954). 

346.  At.  A.  Cook.  J.  Cliem.  I’hvs.  Hi.  1  OS  I  (1948). 

347.  .1.  11.  , Ip-Mim,  n.  ip.  Horn.,.  ;i,\II  COC1'.  127.  1245  (1059). 

348.  Ii.  Cmpni/cc.  Pokotiibb  to.miiik/i  ii  KocMoiianrnKa.  6.  150  (190.8). 

340.  /.  D.  hoia,  O.  II.  It'.ner.  Km-ruy  licipiirenienis  in  Pneumatic  Conveying. 
Australian  ('lnmioal  Ksitinivi-iiiir,  1Y1>..  1903. 

350.  J.  F'lj.  I.  (  liaiil.  I’liV-..’  2».  9  ij  ( |‘.'.;C). 

351.  O.  ,7  /(Mumpneeturu.  Oinuiai-Mt'Xaiiii'iiHi.aii  ii]Ju.\t>.nu;ieimoei  i  ,  2,  53 
(1007). 

352.  C.  I’,  rnemiwini,  IO.  U.  ll(ene:in,:iit.  OiiniKo-Mexami'ieciiart  npoMinii.'icn- 
noCTh,  I,  !  (1901). 

353.  R,  Edse,  E.  Fish  burnt.  Arn'otliermoclioiuistry.  X.  Y.,  Wiley,  1908. 

354.  R.  Edse.  J.  Opt.  Soc.  Am.,  33,  430  (1903). 

335.  E.  II.  Sit!i\'in.  B.  II .  I'.HHuciwo,  A.  1\  'I'/ iiieinioti.  a>T13.  5.  474  (1970). 
356.  .If.  A.  Fyperi.  <> ,  A’.  II.  .  I  <ii,i;iinn ,  E.  C.  (Jjcju «<.  6,  172  (19710. 


FTD-MT-2^-551-73 


395 


iy, .  i  ' 


»  .mtW.uyj.1  ..n.rr'icwc.’t.W^ 


